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- Chief Scientist at JIVE: EOPEAN

Joint Institute for VLBI ERIC —f BB I
-Hosted by ASTRON, Dwingeloo " 2T -

i NETW
- Collaboration of nations with radio facilities, supported by radio-astronoj K. RK

*EVN: European VLBI Network ' g éé
- Consortium of (European) Telescopes operators \‘L'/

- Professor Galactic Radio Astronomy 4
Sterrewacht Leiden, Leiden University R ¢
-Oldest astronomy department in the world T

S joint 1nstitute for VLBI

- Affiliated staff
University of New Mexico, Albuquerque




- European BlackHoleCam project

*Working on the CASA based calibration pipeline
-Used in parallel with HOPS and AIPS based schemes

- Rooted in earlier work on VLBI software

‘JIVE runs independent SFXC software correlator
- Developed ParselTongue Python AIPS interface
- pySched python version of Sched

-jive5ab VLBI recording software
- for simultaneous recording and streaming

- “casa-fication” of VLBI processing
 VLBI casa workshop last week attended by

CASA-VLBI WORKSHOP

02-06 NOVEMBER 2020

General information

JIVE (software) team members of EHTC




» Expected to see the ‘shadow’ of the
black hole

e Relativistic beaming and gravitational lensing
» of the accretion disk (and jet)

 Expected response depends on:

* Brightness of accretion disk, jet
e Inclination of the system
 State of the activity

‘ Broderick & Loeb, 20(

‘ Moscibrodzka et al. 201

 Nature of the Black Hole
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*Nijmegen: initiated project,
simulations, calibration, new initiatives

- Amsterdam: models, organising
simultaneous observations other wavelengths

- Leiden: ALMA support, calibration methods
- JIVE: VLBI software

*New projects centred on African Millimeter
Telescope
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The sky appears full of stars,
but beyond are billions of galaxies

Hubble image of field in Tucana
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LI 4

Hercules A = 3C348
at 1 billion light years,

observed with the VLA




Centaurus A = NGC5128

at 10 million lightyears,
various observing wavelengths







Relative DEC [mas]

Zooming in on the engines of radio galaxies

0.001 0.010
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Relative RA |[mas]

Virgo A M87, Kim, Jae-Young et al. 2016



http://inspirehep.net/author/profile/Kim%2C%20Jae-Young?recid=1488054&ln=en
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First M87 Event Horizon Telescope
Results I. The Shadow of the
Supermassive Black Hole

Distance to M87: 54 million lyr 42 pas
Black Hole mass: 6.5 109 M, ~ 700 au
=98 lh

Observations at 1.3 mm = 230 GHz
Brightness temperature: 6 109K
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And now the latest EHT result:

The Black Hole in the
centre of our Galaxy

- radio emission

illimeter telescopes

\ac\( — N
5 ong baseline Interferometry






Absurd consequence: Black Holes

- Make gravity so concentrated

that nothing can escape

*Not even light...
-No information...

Distorted
space time

® 11 km/sec s
\

10 km/ ® 110 km/sec
©

[ ® 300,000 km/sec

e - ;

6500 km 100 km
Last stable orbit ‘ [ 290 000 km/sec

— < '
65 km ®
I — 1
—> <
U3Il
——

Event
Horizon

- The boundary is called Event
Horizon

-We have learned this can

happen for stars
- Collapse when they have no fuel left
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Masses in the Stellar Graveyard




The Milky Way, our Galaxy







Orbits of Infrared stars

in orbit around black hole |

With GRAVITY on ESO’s VLT
in Chile
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Radio golven kunnen net als licht door de dampkring

=
£
9,
L2,
&
2
C
4
—

<

O1nm 1nm 10mMm 100nm 1 um M0Oum 100 um 1 mm 1cm m 10m 1K
Wavelength







- Big radio telescopes

- Detect weaker signals

- Resolve smaller details

- But with waves100.000 longer
than in optical

- Similar resolution requires
radio telescopes 100km diameter
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- Very long baseline interferometry

Measures interference patterns between pairs of
telescopes

- Atmosphere transparent for radio emission
100M - T00GHz

Big telescopes more sensitive, long baselines
high resolution

Sample, digitise and record and tag very
accurate time

Send to correlator, measure interference
Compute image back from measurements

s'

maser clock
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But we also took data of Sagittarius A*, the Black Hole at the centre of the Milky Way.
That can be observed from the Southern hemisphere

Inner square arcsin

at 22 GHz (NRAO, VLA)

The inner Galaxy observed

with MeerKAT, the SKA precursor




Now to the Galactic Center, SQrA*




- 8 telescopes at best

sites
-working together

- Recording high
bandwidth

- 32 Giga bit per sec

- Good weather
-around the world

New Image

processing

Checked by
simulations

- Simulations

*GRMHD codes
- relativistic ray tracing
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Radio signal
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Optical light




The Black Hole in the
centre of our Galaxy

What made it difficult? Why is this more fundamental?



Interstellar scattering

 Limits view on SgrA* at

Prediction of scattering effects
|Onger Wavelengths » diffractive part blurs, but can be
corrected (but reduces SNR)
e \\Where i1t Is optical\y thick » refractive part extra noise on long
pbaselines .
anyway 0.0 02 04 0.6 08 L0
. Scattering Kernel Amplitude

* Becomes sub-dominant 100l

at Tmm o
' ' ' ' 'U
* Where it is optically thin =

2,107
* And global VLBI reaches g
20pas —
-
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Vari abi | ity Q-metric measures ¢ MS87* data

closure phase statistics 0.8F ¥ SerA* data :

(Roelofs et al., 2017), shows SgrA* [~ | X SgrA* sim. snapshots, static scattering T * ] -
variability on long baselines 0L @ SgrA®sim. snapshots, dynamic scattering

- Total flux variability N ¥ it
S’ i } i ;| ;

e Can be estimated robustly from interferometers

+ Structural variability 02 ; iﬁ”” _____________ "ﬁ i ;-

e Must be estimated from redundant visibilities

At PP EEE LR R T
* Between days QEE%E%%%EE%EQEEEEQQ
- - N o, A <A LA AN S L |
» Baseline crossings S EEDEENE LRSS0 2 2203
e Or from modelling
* Using closure properties Interferometrically measured total flux variations, Wielgus et al., 2022
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M87* Sgr A*

Simulation









Dynamic Imaging — April 7 Modes

Dynamic imaging  “
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* Promising but not
conclusive
* Focusing on 100

minutes with best
coverage
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e Stable results on April 6

e Azimuthal evolution on

%
=
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B Dyn. Imaging B Geom. Modeling @®® Dyn. Imaging Mode 1 [ [ Static Reconstruction - Observation Dyn. Imaging Mode 2

Event Horizon Telescope
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Interpreting ring sizes

* Angular size GM

of gravitational radius: 0 =
« Schwartzschild diameter: 4 6)
g

e [ISCO diameter

 for non-rotating:

126,

* Innermost Stable Circular Orbit
<180,

e |[ISCO diameter Kerr
* Photon ring

 Non - rotating 2\/ 27 Hg — 104 Qg

 Cross section for shadow

» Kerr photon ring 96 — 104 Hg

* Depending on orientation

e From simulations

» Convolved with beam... d — (I Hg

244

ehen wir in Aulehuung an Poincarcs Zykeltheore
recht napschaulichen Schlul: Der Lichtstrahl, der

3 J ’ :
n auf dew Abstand J =— " ¢ hinzielt, biegt sich

jd pihert sich auf einer Spirale ssymptotisch dem
..  Dann ergibt sich fur die Gesamtheit der he

“\lt‘l'. lie Fig. 25. Ne et uns die Rreise v = o,
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S
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1Y 3 . -
Halbmesser w7y haven schelut. Uberbaupt ale Kugeln werden

optisel vergrifert. Die im Text folgende Nechivung gibt {8y die reln-

Max von Laue (1921):
‘Die Relativitatstheorie. Zweiter Band”, Vieweg, 1921

Event Horizon Telescope
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Astrophysics with the SgrA* Black Hole

we know quite precisely it is at a distance of 26 thousand lightyear...

last stable orbit
of gas in orbit around —— image follows circle,
Black Hole as predicted by General
Relativity

Event Horizon,
radius of the Black Hole, —
no return from here

diameter equals 51 uas,
because we know the
mass and distance, this
is precisely correct!

Photon Ring,

where we see the
photons that have gone ——

round the Black Hole

once or multiple times

Source is variable,
azimuthal structure
uncertain;

almost face on?

resolution of the EHT, we cannot
resolve smaller details
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Checking against predictions

* B4 estimates can be compared
Remember it is basically M/D that is measured

» Can be compared in various ways
TC al., Ghez et al., separately

e Treat Genzel E

* Using independent distance from Reid et al. 2019

» Result comfortably within errors

e Consistent with Einstein’s GR

Event Horizon Telescope

Probability Density

KECK VLT

Snapshot Comrade
April 6+7 LO

Snapshot DPI
April 647 LO

Full-track THEMIS
April 647 LO

Imaging THEMIS
April 647 HI+LO
=== VIDA

REx

Imaging DIFMAP
April 7 HI+LO

Imaging eht-imaging

April 7 HI+LO

Imaging SMILI
April 7 HI+LO

10 12

2023



Black Hole Mass Black Hole Spin

medium 0
-0.5 0.5

.heavy -1

Q
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C. M. Fromm (Wurzburg), Y. Mozuno (Shanghall Z Younst (London), O, Porth (Amstordam)

H. Olivares (Nbmegen), A Nathanail (Athers ) A Cruz-Osanto, L Welh and 1. Rezzalla (Frankfurt)
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Low Inclination Is intriguing

Means rotation axis not aligned (at all) with Galaxy disk

* |t there is a jet at all, could be pointed towards us

Consistent with shifting IR position during flare

* As observed with GRAVITY

i 22 2018 flare. MID=58321 0954

@}2 Event Horizon Telescope

4 e e Jd
L 3 Y Y !  EEmms CaEEs T e eMEE e rrTT T YT rTY Y VYV RTYTTOYTTTy T
c * N d e
4 - l« " 1
8304, |
i . @ i ¢ T: —f—
el o Oﬁ |
.: & " <\ —«\\\
L9 1 /
R i
+:
o ‘, L .
20 £y ’
......... M2
' ¢ ._‘ ) 4 ' 4 | LS Ll
a‘ - ® 0 - b
' - ‘, ‘ : .
® i - @ = g 2 {
| - - ' ) : o , :
. 9% & ' = : An - SN
o I > 2 i~ 3
o *-e - # : > 4 ©-
i 1 3 $
S W W VWS WS GRS R SR eSS~ . y - a1 a 4 L A
1 w) 10 0
t (mm x-offsat().as)

Motions of IR flares at ISCO

Gravity collaboration 2018

NVWS Alkmaar, 31 Mar 2023









Also did tests against non-Kerr metrics

* Trying to constrain alternatives for Black Holes
» Consistent with GR over 3 orders of magnitude BH mass

1) e

0.75k |

0.50 - S J

0.25F 4

0.00F g

Fractional deviation o

| | |
e e
NS
SR =i
L] I L] L] L] L] I L] L] L] L] L]

Sgr A* M87*

B S T R T/ VLT

Black-hole mass (M)

Event Horizon Telescope
NVWS Alkmaar, 31 Mar 2023




Thas =T Wy Y ' TR

®

Tor e s Somms L, 0

BT T i R ——————— . —

| SPEN ACCHSS

Tax Aressracas Joussas Lerves, VR IT Siesy 20T My 0 Mmow [ (ds o JTILSET FXI ALY S x T

L)

e e kI LN .

CIED T Acimen’' Mbbnd s Avarnam S inw W v

OPEN ACCESS

First Sagittarins A" Event Horizon Telescope Results. L. The Shadow of the Supern
Black Hole in the Center of the Miky Way
Flect Sagitsartas A" Kreet Hostan Teowope Rosulie. M1 lmaging o the Usiactie Coater

The Byear Foaivos Teesoope Collibomtios ~ Sk $3rde

\&Cud ’s‘&b—ih’d‘ | %) l""“.' - e e ‘i--...-.‘. -lb-.‘.-.-‘w.--.'ubmm i
-~ - - - ——— - - B i R B B U B B S " '»'! h..’ O« on “'J -3 .,., e
Nrcdva 2002 Maxch 25 e 35T Aprd 4 soapost 2550 ol X paiahet X050 May |2 B & wn bnasis e Be ghle e e K aaOusl &
el af aEn fx & AR ahee Bty The cuguw®y of O | | mon consacacs L + T kowlie ACMER
Densl s e @n N sl i e K o 0 v tia
od ¥ W oy ¥ s X @anme ¢ cddaal
B B Gy st 4@ @l veadrwl w8 4 Nag el gy
Ll e ke wie (o agoretesa awke ooyt
Bl O s e ol ri wd o wre e Srvewi
. o u v sgaiScas ety vk B sx INT Apedl T -
METAK o 3007 Agell T1 The Toggioes Apt 11 Rare s sl iieee el
R S e e . N e b
N w B s A yons wne By wed Mo We amspar
Ny DM es WIS IG) Bl a8 Wi T E

 cmmnrnt walh  wog o hrdeeos

First Sagittarios A" Event Hortzen Tdesupe Rosslts, 1,
EHT and Muftiva velongth Obsorvatbams, Dats Procosing, sod Culbrstion

The Ford Mrarom Telmesge | iddem e
e bhe md by Vo By Tl Bt o gy
AP d it L »

R e e B ————— - L LS, A rwaed It e b B R )

[ )

Ay wn

Tow Mvwwwyerse Jowsa s lorvemy TEN 1% i 3577 ey 1

bt T D s B s W Mt P gt BB Ve @ T it B

B T s R Bamn o . —w—— .-

A ax

We pree B S conhonne £ sz ad Seeoumpals ades of \o AT o
Wi Thimige be 017 Al & & vt of | Ve Buagien o S AT e e
By e - Wk e A g S — g S iitrt] LN g B -
Maond sefods ax’ ¢ Bteas et st m ol A e sooemes Ber)
Be walmug AT Iy S0 wmn SCa aninm Cuad Be Lean avwm Vigso 4
T Ay wm bae muam Mgy AT s e s v b v b s aslision vh 8 . ——

cdarrval sl . T Aapog B movmttvw @ Qo WhEA )l men T was o

Ay aa

We petens @ Tian Evesr Hoslooe Teescope [EHT) dhstyvaions of Sag smasies A" Sgr A"), S Calanic coney Somy
SOcuEsl Wil & upemusave Mak dode These olsermons wee confaond o M8 T wiy 4 gbad ptfeosery
wray of S efeg opes openiag & & surcieng of L~ 13 s TR EHT dats #50he 4 cOmpuct Smiseos e oo wid
Lonbor v iy A vasery of s gag ol Bodde g smadves i sppot © mage b s Somdeagnd by a begit. bad

Magwih adnoeny 5148 =17 s (0% coodiie ) Te fug he malles snudd Wbesn amumery an et HACD vt & ot St ot Cavit ettt e
4 compamnively Gn mterox Uiing 2 e s of maedcd snlars, we Ssovsige Sug B¢ FHT nges o e oy
S A" ae cnsszem wib be epeo! appesnnce of & Kam Nk bale W mas -4 s BPM_ winh b bt o S S G S S et s S e s e i o
XA af B ook haad 0 pey o e obeyatos of RSoadel el ot & el B e ) P oty W e i aient ol W Nk e e G s b A
e, O maded compuatsom dalivor Ko whew Se ak ol o viewad & g ncluson (| > M) & well 4

oagpiameg black hodes ad hor v @ 2u ogmde woeton daln. (he esals jeoide e e wien e kv S perence 9
A e oasane Hach bolt & S oroty of B My Wiy ) Ty O O e w2 oz Be peedctans o
it @ of srsments of Sefle aWE oo sl of 0L 107 getom) Bl B evest hodios « de dnages
wAdley Patermor, o compaans wih Be BT ol o B0 sper e Slak Sl VAT s oosautond)
wid, Qe pendatins of gue eAEn s paaaeg owr Buew ad s of g Wl & oendal D

L AN U.(,“,... Blach Yuvkew

Conavid

First Sagittarius A" Event Hanzon Tdescope Results, IV, Varablity, Marpholegy, and
Black Holke Mass

e Seent Mdton Teleonpe Collom son
Cios S o s o B Tal B of mBaza )

RBastod TUZ Manh () wtel BT Gp ol (> arvaood X222 Apw (2 pust Bl X2 Nw

e — et o ARy ad e —— | B PR

A st
b 20 mger wr ealy 20 waped vadany Al e moglclog @ B0 vava ane smwos o
S AT eerval by B EHT w2007 Aged ad s wisie g of L5 mn We Nl B Be N AT G abie
velhiay B scands wint o e axplanad by B oeTEnGe (2 2 @3 or Iy Be faxs o cavalie
ey The sygamd of B0 vatdly Gz be 4 shatmtal taches of 8 coan! T'@ Sy mallog
~ D% e aotue base Lo Throngh &8 # TRV EOx OF Sple DA TRt B0 SRK# DML W ¢ domocatege BE rug
AL ologio ooval Bao B 2 B i VT Les S o 0 awpladg €L Wl cozqmalic soapics £y
Wedsseap Do o Mg ics e T oy A x Foonetid fug Sl 0 Be Bee vuiliie S A" Ml one gy ™
Soxbtodot wyama of leaova wiad O s e o ca ax o yo o Slopendon . whic tie ta
B Siets 30 e Tl Aah 5 iy 4 mSc Ot M By e Bl vaulaly e e e anenl B ST Ll P | A & YRS AERAT F 2% e
sag vuxc mene Do proodrs mdaog A3l g Senas BT O3 Ao g PYmace & s S, £33 s, gy o S snssbigues dmnen of
Sy Quveser 0 be Y1 8= 1 e S cabbie Birakl wiD D g B Ao cond mead 1 bave aa P WM . s e i e e IgA” (Dnian « 4. 30N
terwien TR an! OF of B mag Sty Th hang B S0 metn o0 s o S0 3 COMoNos PRy sl x de we —— ;’;':: \"‘:::‘.‘_":"‘&"""“_"‘ oS RL/P S TS
), Prpas of B2 ST
alliar fonm iy el b pcm'n: o OFMHD dmdatas The s oc Cost sas O Ly Ay Mrae B aniag s e g, B o @ 08 M
v of D garvminoom! ratens to e LETDY s SRl we comings ST B GOPeROeeT BT b TRt et

| gl =
- al 0
Ross Mucer pasiianes 0 Gotrmie O s of Sgr A" e 400750 » 10F M

R el E VS S A" w0 Yy L B e
VIN Sastt e B AN W0 & Wrange = M
Y PV B e a2 Gy s oF 2e Punes e
Bac farfomasta & Moo & M9 K atthaes o ol 1WT)
B Aoadue oovaaind & COET MEs W 4 e o
1 2 W am b ox ol TV Dafy e oo
i e i UL L L
L B L W S PR Wyvt @ e A NN e
B BEads alae & W A Wy B B
Carmng ey Be Tar of s Sleepeny VLN anperi
A sy B kel e Ll oW B v v

Lndd A mwow. Dt wvne de N\ Bandiid vl wm. W \sam

b eacgu
[ B L)
\p e
- e,
pAN =
Aw .
D o

L e

[ N T e Thadn | B s W
CERSCOt g 47 2 D e o
T G O s @ [ W
.A‘-.L' .. .- .- - a
i of U a Huw i n
PR B \Q" - Tea e
B B g e e
ek vt w Py b Ay
- Lae » b 1)

A A v o o Ndewy I
s vt Nal N Ny Y A )
AN ) T N i P b P - ——
SRR e AT e Al gang & magr v aly N
B YRy B R e o B e
LED Ny AR Be By Seluod > Ba L
..o'.o.<-'v S A s Yo .-..-_‘...
AN L D e © Al iuy v NN e s Ml s
Mergn o St 0 2o hware Thounge s I
T '.' A avee B L. W
ARG O sl Vs
e Pl 200 Y

i
B ey el
Bh & v MHULN
thame WM & Rl v
- A oy
Al v ban -
N iy of yomyg s onl
e e - v

Mhach s (IND
e O

Cindlhond Astrionomy Thetin’ e o racapdt Karr Mak Jodes 14004 Liv. ¥

Hetomadvee Mooy y (T, Lo - —
A P B N e B

1. Jedt redonct o

KT Mol ar ang B Mo a8 s pedteand
pradatve of e s Doty of geaerd vy (OR
Finstons P15 rigaally sl & 4 e 8 oo
Guance of (R vder B & vy relevasd  ohpxn
(Schwumchld 1716 8y are wow bellved 0 be peas A
Sonclie oy e A LGoL O g Bk Ol L pes
Baaney & Sayder 190, Feaae 105 B O 8¢ yeotae
aan! anopbyacal Mal Bdos & paioed © e caageel y
descabal by e Koy apti. shad o cngurdy Q.ﬂ.'-‘\' >y ¢
hdac K haodde's s and 4 g uile seosacngon o Mg (Kary 19

e v e cal evde e By Bew st e wis Do
e U ok MACK Dodes, B caacg Wk alsensions of X o
binay osbimx (Boloa 192 Wehas & Muaina ¥R
McClisock & Remillaw! NS ad cdnamng & S
detaction of gaviatoml waves Doo Serjoy el s
hlack bodes (Ao era 116) b pwrliel B Snoovery O
GEaAs & o Al & catne b AR JERey cEDEmedy
leeois, campact o oceed & Be ceates of Scoes
galavees (Schanady 15963) kod © a2 B sive cfof B deaady
asd mesae Be mpemsaseve back boles (SMEHL) sserge-
iy favoeed © power B (Lyndes Bell 199 (haera-
e 20w agges hue SMEH: ax oy A arf e cosay of
Bedfy eery palaxy (Rachaaoee of £ 1995) bar S0 muy play &
o B fer cwnoa Gee, ¢ g Muporas o £ 198
Fabie 2017, Kameady & Ho 1005), hogh how ssacly fe

Org o ey o (e sork Tay e oed onder B s
m althe Coasse Coremn e Acsiumes 40 Tans Aoy S
dgrienon of i work mEs TSl itriumen B Ow amier s, B O We
of the work, ol alaion and OOR

e ol Tow s of Mk holde anviey & gow i e
T s R L R R St

Wb e wen of B Pyond Mataos Tokox cpw (MM 1
E e be 2atal el Anc g ey (Fess Hoana
(D0dcege & & DN O O
DML N0 W 2B B deroder MET Papan |-V 1. T Sodi BN Sbawe B
Mt o & over Bodte e ang ey e M R it e
amiuinl L polar JBACET a0 Boas g e Glloes 1t 4 200
ages (e Hbex 1M, Radoes WL Les) . :.”:; :...h:
Mearysk A Ropsew i IV Face o d 000y s A Lorx Ao P4
S’ wnagrs of bhak dodes Typaalty bave  cenazal Sy e
dpesspcexse il by ahagueseonreg The aag d ) .- e
= be gavatonly exad ploas alis ba | e
sy of Wi we boe @ efor 10 o Se Mac kol
B falow e & eogls St 4, < 100M/ ")
sizre G & S grvmtom] oot ¢ o e gead of | S e e :_'::"_:_:
B Mak Lot s d D o 2e Dax ol &stmce S They hr auvem sie (U3 4% s

Faoe S Tl eukmto: S SMBHS coal! power betadt @t ey sz e Y oo
oS i sy pilacte mucles (Lndes Bell 1909, aad refesces PO A g - S—— |
Lok Be iend® lus lrrs o © Wiy 2o Wiha au owe SMDJESSS SRyl WS Rt hpies G §
(uhary Or caspat saece Sgr A" haaders cxensedy sondat @ 4 1o O L R T P
calulge SMEH woce & Saowery & 3 bagly suxe of alo
stnse ool tew B (ndane coops (Balck & Buowa W74,
Fhes &al 19X Lo d T} Decades of spsibetag 65 pope
Mt 35 el B spdaes of advided s B ot aouesd £
e evedal S AT I b as axdemsly deade copceaaton of
s M =4 10 M) S s locent X and se sty motosk %
R s B be dymmaicd ceager of e Gy (Do gy
poviieg meng ovidere B £ G ®e modes SMEBH & au
(ay (eg. Do« & DY, Growy Cabasos o« & DI,
e f & Baoduler T A 22 aceea SMBH, S@h\'p(.l‘nb B o Sl sate S AT e cop! @ B s o
i sage qppamssly © Stectly mage Sk djan. wgete RAIADAS & pansiod to Abamon V17 Bt 40
W Naame A T TR T, A Neaw

VLI T A s aw i B wie tum a o o demvag v Tom secimad Pee s w

o N e B ol e A (dan & Sanyes YT, N Seaawr Dlrahe # 4 VT o T dem ey
B sy T s s o N AT A e v P LB PPN L RS s 8.5 B i s =

W e et o e o R g e e s & m-——-—' NE
M el Sul D ATy ¥ B S @ A" s ol 2t WA e eral 35, e iem B Ce sanm
‘o b od M bl el TV mm g A Bomnn oA Ar mes w Aermatng Yaew - Cien | i W) L Dl ) WD L A s e Ty WD,
T e Ly T agh B Miad huds svmnd Dup e Fable S on Vorwh. Wx Gher P bt & &daey vy Be svabas e VO e abe ) v s aal o AT I Gebydy il
eral 1991 Pultte & Mytedt DO, prona L Y v.-.-.-( e gl s s B e W WER U i e B )
-\l"\.a-.-trnmmn [P —— " QR Lses A0 wtis & Al Da gy ARD & ninonh cam v Yoor ! s o e e oo
. T ! . . . "
iy EmaMyx Fosaptec ity N = 4 1, O M) aner i ek 0 8 - ey A W 0 Se e s I Beas Verad KO
Stal JREN Bendd v @ THM B* D wul aied 3 PR D w g wbdsri o madwa v Na L R L L O SR R
oot 3 - - S e @ bty catuise & Bu b by o wlhve B 1Pt i TR e oV w Ny
. A - ammants WA W e gy ol D A - A ey B e wlge R v 4N Lok
- - ' o B @ Apmhg s o mY sEwm Scw uw
- A p—— -—ha 0~ | w» BV cominnm of Wt - ,_,.\l‘ —— N '...w.u_w
%,. R — S it 00 By B S GETA v Mg K iy e B4 r C ~ -
Madh hle e iz g Toend e Toraepe Colbonse way ftenEr D B grgad 14 = Sam N

Bl RN By MET P Y Tuamss w2 - MArws WA N 1D Ky s L -
P L T L leag sl BANEB A A -

y—— 4 P e

Tos Aesm e s bowa lovrme TIL 0 e B WM N

Nwvs B0 Fumrort Pom Ao VSN somerrsn we Yeie

e " Plrecnd by G Dot d ou B Deua oa et

(adbad Avrvmovny Nosswrns concep £ Bial Moies (Bl peawe e o | it AN g AWM e A

Firs Sagittarios A™ Event Hovizon Tdewn pass aad S Esd e e 4 Dalie @ Be wd Bgesly patemd W
e Calaxctic

paA - Nalvr = ') el W A o mBswrs e
Tae et ey

T . e AR Emes W e ——— . —

Nas sat - ~

| bt veldmt e

g AT Sgr AT B¢ mio e o e S
g s sow s L bole OMBRN & S5 o of S NERy Wy
o Donght W adviend B s mgale e oF 80k e b
e dky N s Sszxe F Dl 2l v 4 san o
Maobds WM. Doa 4 0% (e Clloe = &
piir3t ) 1’\' e 4 Kbhwamaied mboes of <10 s
Mokt of @ G phohd soortur Rores et SNVHM
gty peniiex Sur Sy Wil e B Sosse e =
Doyl Ay of Crasics saralog 4 Lo el Cdwdow”
ra Radw TR L 1779 & Yo i Flkr w2l
2D Bedonk A Lad DB, Deodakd & Mume X
Bodath sl DRL 20N Navywe sl JOHY L e & Wy of
s ey e tnult g uw lowr sl Cxts
et of B g & Dy ~O e e De Be
e s @t 8 FrosHame Dewcg Colbsas
efd ey The By Mtae Telscge (5T colhieesior
[ AEA B EDOE vETialn f DA e Ak g b pihd
oy lony ociur sforBroecty (VLED aemsod of e
VRUR L e ey € @ Togeacy o ~THIGH? = made B
~40 i oy of cosumen soasd Be WMET SMEN 0wy Mot
Tobsope Collbontin &= & 2080 DR 0% 0
0, 2N DX la 1IN, bocte: ME” Pgpan VW

e pralamnl fag Samets e Sgr A" & ~50 0 s
2% lape G i S0 TNT chearwnd Soe MEI™. Hows v
ecaie S AT & sox B Beer ol of gt o
mast w S MY, il Syneneal savecaln i S Jyuees &

i “'.—\Q-m.—oo-.-w-—vb.l-.-‘---

- de e emses v N e S s ene S Dwles
AR S F Tes wEX TON TAMAR AEEA B O 4T s Sl e e
VW pery TRew e R

nl‘Q"-h-..‘i o .
B i A"wm
Adaure ce vasy b
o 4 saghe THT dany
Ser A" S s Setndd
B haws s g, (enadd @
i, Nhes 2t 4 N
D7y B sl
07T INT Gecviy ol
T asorge Cdler nn

mm: fxtan
i o EH T ot
achoamtig e e
ol ¢ yalow. e
sxumelemde v Fat
aeboe i e
PIT) The ey &
A Buoauyivex B |
A saEr S 80 e s
SpA" violacs Bk 4
s ARer wew
Bage aane = S
Neogey &1 » ol
aoenw tews oo o
LAl W Gy Qe e
T sccopw Ul ey an

Dogie G scoat)
Snamee. Be A ¢
oty vl cpexch xc
A e Wmnaler A
g s o sy i om
ey Pt e N

Y b ! maw

B AT N AT ahw IV Ny " AMET SR Laas s YR TR UL TR . ov'™

B i iy . —— —— — @

vy
Farsl sagvtames A Kvemt Howtrem Holoxope Kemdts MV, Tovtiag S Bk Hle Metric
B Rupas: ool ah 7)o w8 waneREss
l‘.\'-loww--lgumo‘.od’.
Sl O Ay FERGEE E ARees Tes &
g e ampeen Bl den
A amasyq O @ el el LoWamd
vt S o B MY DO, A wnd S
Rl A el A e s e

M
N lvar a2 a “dooge Calldbon 2o
Wt B el mate Vo B0 TA 4 i
o —

L I L L

— et e .

Paaat B, M o wae Ko Wl L o vapa D0 L e N ey

Ay

Anogtran ! e i wr rpeed w0 G alew 1. A" B & L Y R a = FERE
R et e PARTR e Bt B BT . TR, h e e B . WA ma Y
pabgis smuls 4 Yo R e W L s gt A B non VN o M
gl o Sagenll o TI0 1 MY depn o o WU e AT TN AT W liiaar B Sumidig Wva e be
At @y W Tk e Delin ad Ta D N i K Bt ey g vy e Be el
s Yaw vl e T camean
" B By i Bl agr -

g— - e

T o 5 St g0 AL A B w L e clhase Lane ke Oy e
W e A b
B e I L s L R R e e
danevn HBcprome of & orl Y e Caget B praslilie B S 4 B ac g tobpct e
vefon Rale s wvme B v Cu dly an i wu A odrae ~ oWy S LT Hh
D Sl O Bl e W RN W O TRl AT R LB N e s Ay
e ve wx » alhd s We sagee e e & Srhaad llaar of pavt s o aghe o8 &
PBAG, L [ R A RS WL B A AL Tl T R T R D RS e A
B o A A aa B Wy B Ve . ol A B ——

PR B W o Ny -

Instn Govmay Musacwr ommwits P was wn
g B A W A e

R

™ e of e My W antans & B o
Anr$ o v ladmy s — V2 Nk e T e O
Chmamy | O o W) . _

T/ hncnmn Mot o wtn ®mh v ¥ Fow U ' Sl 00
Ba puammne P b Aova
e epdal Wy vt R wm Bl v v g T S b
S ey . iy Mk wem il e A v m
L e v e bl asder as B lnd e

WA R e B A Ry N
otorr vy sl Sxooclly \ by amamee of |
\‘A MAZE L & oy ke overl Bkt uy w
rd s 0 Pa Whduges lawn Th e Smnceny ged

DR - — . W A b e an B as e e s -
O BA warrad b mm g ae v DY M amve
Av b e W Bivveawe ndhvid pwis v
SPOE OF BN BT o pEaE e T TR
W B B e Ny AT gl - e g
LA GLhas B X 4y Tk Biom g el
el anl v Rl n & U
WU R AR BB ) A TR LN AR A W e
e e hoane sd caliar v wgr o F o bam Dud
Vi SR AT LS . T elly B ar
EamInts iy o aw el slamsw gy -

i e A Dy Mo T, Dusses sedboai -

My wwmaw »4’. s —t ....r--.;\u..o -t .
RS o v B ey S Lasy # s
v Thew E R Lonan vy oo S sy oo
B wig g Bl Wk o Mak i 8l 2e lum waiy
B 1 fhe st prprte w b maag Vil g me
e bl B Kugrsie 'O e m W TR e
MO W e W AP B DR R s e
SEA SVl ke a ot F s O Bosa!
SR B R e s S g (e LT i

e B

e By o gy s b RS d Ay -
ral v pa. sl e dy '.w'p.-
rat 1 Bary vra W ¢ wlphr By W e an
B e

AMeng: goel wiavivm el ww L dawr s
Bpw of COBGE Y WL D LS ke A 38
O M. oy @ B telayma enil 1
- .. N B anghe™ =) ok '-’...--‘ . .o
AN DS, Baths CPID) w w W il
e 'evowm = ot oy - Nal hir o beor mro
Be L DY JHiEsis WL L D4 Taves aw
[ 4 e e cguawr o e amem T ool -
W Pl Doy uesl W L BBl i s
05 AN Lan pEdE SR OB 19 B uzae
AR A B TS MR g B B Bas e
WA R RS e e Mt e TR Sy e

W e b e td D Vo e Py

1o 00 el SNy - e

» Ex e

o -

[Lalad e R dh B

— - —— ———— —— - —
R SR — e and AR

M v e B s o ver i e e
o Joo.a sarnw i b B WD Veas aem llm
WA sl LW TRA. v Ao @ems . grever el Was s ees

YR oy 5

- W P b aemd e N wl aae ® e e B e

L R R B B T o
BBTRERS T Y BB e® TR R L TE A . G m e
o R e e T

e R e e = LR .-‘.u B -
A e R D s O prREssd vevm Yo

ol g ot wamee Mak e w10 Ve Ay




Kim et al 2020 3C 279

A1.3 mm
11 Apr 2017

*More coming from 2017 data
-Backing up main results, also on AGN, historic data, GR constraints

-Documenting algorithms and models

Chandra 0.2-10 keV
5 arcsec 2640 Iy 5 arcsec »
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M87* black hole appearance in 2009-2017 2017
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First M87 Event Horizon Telescope
Results |. The Shadow of the
Supermassive Black Hole

Distance to M87: 16.8 Mpc 42 uas
Black Hole mass: 6.5 109 Mo ~ 700 au
=98 |h

Observations at 1.3 mm = 230 GHz
Brightness temperature: 6 10°K



Hotspot in orbit around SgrA*
inferred from polarisation variations




Simulatie Waarneming

Radboud University {@ J. Davelaar ot al., 2018, CompAC

Radboud University/ESO/WFI/MPIfR//APEX/NASA/CXC/CfA/EHT/M. Janssen et al.



- More/better data in hand
.2018, 2021, 2022

- Introducing NOEMA, Greenland
Telescope, Kitt Peak, AZ

- Option to use higher

frequency
- 345 GHz: 1.5x better resolution

+ 2024+ possibly more

observatories:

-Owens Valley, Haystack, South-Korea,
Africa Millimeter Telescope (Dutch
project!), Llama (Argentina), Canary
Islands

- Time sampled images

- But space submm-VLBI for:

- Other targets
Resolving direct image from photon rings

le’

GLT: long N-S
baselines

NOEMA:
sensitive

. anchor stati
& mediu

short basell

KP: short
baselines

2r Telescope
imsberg, Namibia

SALTUS Telescope

mmanerture. p;:;‘;f:r.:cl',' cooled to ~45K

EHT + GEO
(~2 uas resolution)

Diameler Accuracy. 0.6 uas
Asymmelry Accuracy:. 1%
Spin Accuracy for M87*- ~0.1

-1







- SgrA* displays
convincingly the
predicted ring

- But data processing was quite
involved

It IS a more
fundamental

measurement

-Because we know distance and
mass a priori

- Consistent with GR at these
scales

- SgrA* modeling points

towards

-Magnetically arrested, prograde
spinning, low inclination

‘Very low accretion, but still
could have a jet

Brought to you by a large, global, distributed team
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