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The black hole story, told in
the style of Rosencrantz and

Guildenstern are Dead ROSEN(RANTZ &
GUILDENSTERN ARE DEAD

Many slides courtesy of Event Horizon
Telescope Imaging Working Group, and
Katie Bouman
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Hamlet

Rosencrantz and

Guildenstern are Dead

A

POLONIUS: My Lerd! | nave news o el you.

HAMLET (releasing ROS and mimicking): My lord. | have news to tell you... When Rocius was an actor in
Rome...

(RQS comes down ta re<join GLIL.)

POLONIJS (as he follows HAMLET out): The actors are come hither my
lord.

HAMLET. Buzz, buzz.

(Exeunt HAMLET and POLONILS))

(ROS enc CUIL pcncder. Each reluctant to spezak first.)

GUIL: Hm?

RCS: Yes?

GUIL: What?

RCS: | thought you...

GUIL: No.

ROS: Ah.

(Pause.)

GUIL: | think we can s2y we made some headway'.

RCS: You think so?

GUIL 1 think we can say that

RQOS: | think wa can say he made us laok ndiculous.

GUIL: We played it closa to the chest of course.

RCS (dersivaly). "Queston and answer. Old ways are lhe besl ways"l He was scoring cff us all down the line.

GUIL: He caught us on the wrong foof once ar twice perhaps, but | thought we gained some ground

RCS (simply): He murcered us.

GUIL: He mignt rave had the ecge.

RCS (rcused). Twenly-seven - L'ree, and you think he might have had lhe ecge?l He murdered us.






MIT’s Haystack Observatory, Westborough, MA
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Shep Doeleman <dale@haystack mit.edu>
to Bill, Katie, Daniel, Rusen, Victor, Vincent =

Dear Bill, Dan and Katie,

It was great to talk with you all and to hear about Dan and Katie's
interesting work - | don't think I'll look at leaves or fabric in the
same way again.

Your ideas and gameplan sound reasonable, and is along the lines | was
noping for - a fresh ook at this problem with unjaded astronomer eyes.
There will undoubtedly be course caorrections along the way, but this is

a goad start. We can generate fourier plane baseline tracks for you, or
we can supply roulines thal will do that for you (functions of lelescope
location on the Earth, Greenwich mean time, and the sky pesition of the
source).

| wonder to what extent the textured approach will contain the imprint
of the types of images we expect to see (a 'gentle’ prior), but let's
'see what happens. | really like the idea of generating a family of
'mages that all obey the observations, but differ where we have no
fourier data.

All the Best, Shep

Mon, Sep 23, 2013, 7:37 PM



https://www.almaobservatory.org/en/press-releases/astronomers-capture-first-image-of-a-
black-hole/

In the shadow of a black hole
1:13 - 3:50 or 5:05.
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~Hubble TeleScope |

(optical wavelength)




This artist’s impression depicts the black hole at the heart of the enormous elliptical galaxy Messier 87 (M87). This
black hole was chosen as the object of paradigm-shifting observations by the Event Horizon Telescope. The

superheated material surrounding the black hole is shown, as is the relativistic jet launched by M87’s black hole.
Credit: ESO/M. Kornmesser



Black Hole Simulation







Telescope size and resolution

rect,

s1ne,

The Fourier Transform relationship between
the light amplitudes entering the aperture of the
telescope and those focussed at the sensor
impose a resolution limit on the image from an
optical system.



Telescope size and resolution

measured wavelength

\1.3mm

black hole photon _
capture radius: 1.22 127 % 106m 25.7Tuarc seconds

\ / 27 GM diameter of Earth /

c2 \ Predicted black hole mass: 3-6 Billion solar masses,
55M light years away implying shadow size: between 42 and
20 micro arc seconds

R =

C

https://www.researchgate.net/figure/A-picture-of-a-Comb-s-rect-s-sinc-s-Gaussian-m-s_fig1_307862015



Earth Sized

How Big Must Our Telescope Be?

Telescope Waveiength
Size Anguldar Resolution
S

Simulation of M87 Ideal Image with
Earth-Sized Telescope



plane waves

maximum response

Figure 2: The same bzseline as in Figure 1, but for waves incicent from
an angle ) from the vertical. The waves arrive at the antennas again
exacty In phase, because the angle Is such that the difference In path length Is A.



“We run a double-slit interference experiment in reverse” —Shep Doleman

Double Slit Interference

Assumption of infinite
source distance gives
plane wave at slit so
that all amplitude
elements are in phase.

L eor D>>d

o this approaches
a right angle

and 9' = 9




VAN CITTERT-ZERNIKE THEOREM

The theorem states that, for ideal
sensors, the time-averaged correlation of the measured sig-
nals from two telescopes, ¢ and j, for a single wavelength,
A, can be approximated as:

Fi,j(u,v)z// e‘i2"(“e+”m)1,\(€,m)dldm (1)
£Jm

where I (¢, m) is the emission of wavelength A\ traveling
from the direction § = (¢, m, V1 — £2 — m?). The dimen-
sionless coordinates (u,v) (measured in wavelengths) are
the projected baseline, B, orthogonal to the line of sight.’




The Event Horizon Telescope
(EHT)

Very Long Baseline Interferometry
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Imaging a Black Hole with the Event Horizon

Telescope

EHT Collaboration






Event Horizon Telescope (EHT)

A Global Network of Radio Telescopes
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FOURIER DOMAIN COVERAGE OF
THE 4 NIGHTS OF OBSERVATIONS

Fourier domain
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Because the image is real valued, the Fourier transform is Hermitian.
K telescopes gives K chose 2 baselines, or observed Fourier frequencies.
As the Earth rotates over a night, the projected baselines sweep out

elliptical paths in Fourier space.



https://www.almaobservatory.org/en/press-

releases/astronomers-capture-first-image-of-a-

black-hole/

ICCV 2015 was in
Santiago, Chile

Shep said we should go
see the Alma radio
telescopes in Atacama,
and I arranged for a
trip there, with
Bernhard Scholkopf,
Yoav Schechner, and
Katie Bouman.
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Timelapse videos from Bernhard,
from Atacama, 2015

https://youtu.be/O86mycdxtYM?t=12

atacama milkyway

225 views * 3 years ago

https://youtu.be/8YOgqdAooO9A

atacama tree

111 views * 3 years ago
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The Atacama Large Millimeter/submillimeter Array (AL MA) by night, u...
‘E. E3o Observatory
=7 Mar2013




Dec. 12, 2015
Below ALMA
telescope array,
Atacama, Chile
9,000 feet

33






ALMA telescope array, 15,000 feet. Atacama, Chile, 2015

v
- ~
-~
—
-
™ -
v .
-
2 . P -
g >
o ] -
(- - --
. = e -
> i - A"

e : —ur
- — o
a - o, ~ > . Z
- c - - =
\ s ” - - -

Ly y - i
o - : ’
. ¥ o AN
.







ALMA telescope array, 15,000 feet. Atacama, Chile, 2015




ALMA telescope array, 15,000 feet. Atacama, Chile, 2015
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Very Long Baseline

Frequency

North-South Frequency (v)

East West Frequency (u)



True Image

Reconstruction

The Computational Imaging
Problem Sparse

Measurements

< ALGORITH




True Image

Reconstruction

The Computational Imaging
Problem Sparse

Measurements
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Reconstruction True Image

Inverting the Imaging System:
Ambiguity

Sparse
Measurements
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Dirty Map

Visibility

Sampling Function
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Yol

Sampled Visibility

Figure 10: a2) An example (modcl) sky map. &) The eorresponding visitilities (Fourier Trznsform of the map).
¢) The synthesized beam, or point-spread-function, of a mode! anienna array. ¢) The sampling function of the
aTay, whase ~auner Transform gives the beam in () /] The product of parels (J) and (¢), represerting the
sampled visibiltias. Theea are the actua' maasuraments from the array. <) The ditty map that results from
(e Fourier Trans’orm of the sampled visibilities. This is the same as the convolulion of the map in (¢) and the

synthesized beam in ().
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Katie presenting EHT poster at CVPR 2016
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Some of the 1image priors explored for
Event Horizon Telescope black hole image

reconstructions one has ever seen

(what assumptions do you make about an image of something that
no one has ever seen before?)

 Positivity: the light intensity must be positive.
 Compactness: The source has a finite size

* Image entropy (maximize entropy, consistent
with the observations)

* Image smoothness
* Image sparsity in the pixel, or gradient,
domains

47
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VLBI Reconstruction Dataset

A Dataset Designed to Train and Test Very Long Baseline Interferometry Image Reconstruction Algorithms

EHT Imaging Challenge

Welcoeme to e Beert Hocon Te escnoe Imaghhg Chalienge Webnags! This chalisnge 15 meant o help us undersend the r-rtn'msn'r cf different rrn;lng algortthms on future
Evant Horzon Telazzoze (EHT) cats. We hope the rezults oF tha challenge v |l kalp L= sester unsarstand the biasas of each imaging algorithr, and aid in devaloping batte-
methods.

Next Deadline: December 20, 2017

= Testng Cota and Suhmisdon rstnections

= Samole Data With Graune Truth Imaces
o Pz Chalierges

» Data Farmaes ard Corvarsan

» 2amale Iraging Sdt

.....

s Quastions anc Feadhac<

Testing Data and Submission Instructions

1. Download the test data from HERE.

2. Use your algorithm to generate an image for each of the data files, For each < filename .0 file, submit 2 FITS image aith the name < flename >.Iis and the FOV
spechied in the README 7, Furthar instructions can ba found in the README file,

3. Submit your reconstructed images. Compress 2l of your reconstructed FITS imaoes into & ZIP fle. Submk this 212 Fle with the required additior sl informaticn,

Method Name: Email: Images:  croosxFie Noflochosan

AMdbtiona’ Information (such as website/code links):




Samp

We provide a sab ol samgle dala, alang w
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You can down oad the sample data “¢mn
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ground truth

e Data With Ground Truth Images
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Telescopes
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ALMA,
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Sample Ground Truth Images
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FV, SPT, KF, PcBl

PV, SPT
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Katie and EHT team members at radio telescope in Mexico, April 2, 2017
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Observations April 5-11, 2017

All sites were technically ready and with good weather on the first
night of the observing window. Observations were triggered on 2017
April 5,6,7, 10, and 11. Table 1 shows the median zenith sky
opacities for each of the triggered days. April 8 was not triggered
due to thunderstorms at the LMT, SMT shutdown due to strong
winds, and the need to run technical tests at ALMA. April 9 was not
triggered due to a chance of the SMT remaining closed due to strong
winds and LMT snow forecast. Weather was good to excellent for all
other stations throughout the observing window.

Observations from the EHT’s 2017 April campaign are the first ever to
have the necessary sensitivity, coverage, and resolution for horizon-

scale imaging of black hole candidates M87 and S grA*.

52
The Astrophysical Journal Letters, 875:1.3 (32pp), 2019 April 10 The EHT Collaboration et al.



2nd way the EHT got lucky

For M&7, the expected shadow diameter 1s 19-38puas.

We present the first Event Horizon Telescope (EHT) images of
MS&7, using observations from April 2017 at 1.3 mm
wavelength. These images show a prominent ring with a
diameter of ~40 pas,

53
The Astrophysical Journal Letters, 875:L.4 ;2019 April 10 The EHT Collaboration et al.



Katie with some of the data
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350 Thytes / day of data...

Correlating all the data, processing checking, writing, took 2 years!

Extracting the Black Hole’s
Signal

digital | EHT correlator Calibration

recorder ' ' @
A.,.'\,A_ - .

hardrive hardrive @
hardrivel \,/ Jhardrive

\A / | LT :

| digital b hardriver v:hc:rd FIVE 4R p
recorder hardrive| / hardrive “ v |
hardrivé| hardrive m‘“fﬂf.{‘m e,

Calibration algorithms find the

#light arrives at the telescopes The correlator is a special-purpose i e
. : . weak signals hiding in the
digitized as two-bit data streams. supercomputer that combines data from the
correlator output, and more
Petabytes of raw data are saved onto telescopes, to recover measurements that rescisely fune the data fo
hundreds of hard disks. would be seen from an Earth-size telescope. P y

extract a stronger signal.



The Event Horizon Telescope
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The Event Horizon Telescope




The Event Horizon Telescope

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




— . _
Team 1 — End of the First qu!

Imaging M87




The Event Horizon Telescope

EHT Imaging Working Group



The Event Horizon Telescope

The dangers of false confidence and collective confirmation bias are magnified for the
EHT because the array has fewer sites than typical VLBI arrays, there are no previous
VLBI images of any source at 1.3 mm wavelength, and there are no comparable black
hole images on event-horizon scales at any wavelength.

We subdivided our first M87 imaging efforts into four separate imaging teams. The teams
were blind to each others' work, prohibited from discussing their imaging results and even
from discussing aspects of the data that might influence imaging (e.g., which stations or
data might be of poor quality).



The Event Horizon Telescope

Imaging Stage 1/2: Blind Imaging

Comparisons

Team 1 The Imaging WG was divided
into four independent teams

Region:
The Americas
(SAO, UoA, U.Concepcion)

Team 2

Region:
Global
(MIT Haystack, Radboud U, NAOJ)

Each team blindly
reconstructed images
Goal: Assess human bias

Team 4

Region:
East Asia (ASIAA, KASI,
NAQOJ)

Team 3

Region:
Cross-Atlantic
(MPIfR, Boston U, IAA,

A e \
AdIO)




The Event Horizon Telescope

The First EHT Images of M87

July 24, 2018
Team 1 Team 4
Region: Region:
The Americas e East Asia (AS'AA, KAS',
(SAO, UoA, U.Concepcion) u NAGJ)
50 pas
Team 2 Team 3
Region: ‘o Region:
Global v Cross-Atlantic

(MIT Haystack, Radboud U, NA (MPIfR, Boston U, IAA, Aalto)

)
\ _‘;'

Each team blindly
reconstructed images
Goal: Assess human bias



@>‘ R The Event Horizon Telescope
The First EHT Images of M87
July 24, 2018

2nd EHT Imaging Workshop




The Event Horizon Telescope

Imaging algorithms were tested on a suite of synthetic datasets

Goal: Optimize imaging algorithms with objective performance assessment



Imaging Stage 2/2: Imaging Parameter Survey

Crescent Synthetic Data MS7 Data from April 11
MEM 1 MEM 100 MEM 1000 MEM | MEM 10 MEM 10X

WMEM )

15 30 ~

Brightness Temperature (10" K) Brightness Temperature (10" K)




The Event Horizon Telescope

Figure 7. Selection of the eht-imaging (RML) parameter survey results on real and synthetic
data with April 11 EHT baseline coverage. A 2D slice of the 7D parameter space is displayed,
corresponding to different weights on the MEM and TV regularizers. All other parameters are kept
constant (Compact Flux = 0.6 Jy, Initial/ MEM FWHM = 40 uas, Systematic Error = 1%, TSV = Q,
and £, = 0). The left panel shows results of the parameter search on the Crescent synthetic data,
while the right panel shows reconstructions for the same parameters on M8/ data. Images that
meet the threshold for the Top Set are outlined in green. Note that the upper-left reconstruction has

no regularization; it is produced by enforcing only image positivity and a constrained FOV.



Crescent Double GRMHD
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Figure 10. Cross-validation of the imaging parameter selection procedure. In each of the left
four columns, we show reconstructed images for the simple geometric source models.
These reconstructions do not use the fiducial imaging parameters identified by the full
training set; instead, we selected the imaging parameters for each geometric source mecdel
after excluding that particular model from the parameter selection process. For example, in
the disk reconstructions, the parameters were selected by assessing reconstructions of only
the ring, crescent, and double source models. Thus, the selected parameters vary among
these four cclumns, but we can verify that the training sets do not overly constrain the
outcomes. In the fifth column, we show reconstructions of a GRMHD snapshot (Paper V)
using the fiducial MB7 parameters selected from all four geometric models. That is, the
script and parameters used to produce these GRMHD image reconstructions are identical 1o
those used to produce our fiducial M87 images (shown in Figure 11). Because the GRMHD
snapshot has a substantially higher peak brightness than the reconstructions, its column

has been scaled to the peak brightness of the eht - imag i ng reconstruction.



The Event Horizon Telescope

Fiducial images for all PSRN PERYPARS PSR
four days and three IR A Ak o= AN IS KNk DA
SCI’iptS 3 i ! : . f )

» Best images out of 1008,
37500, and 10800 images
surveyed by the Difmap, eht-
library, and SMILI scripts,
respectively

DIFMAP

eht-iraging

« All images from the four
different observing days show
the asymmetric ring structure
corresponding to the black
hole shadow




The Event Horizon Telescope

Fiducial images of M87 for April 11 restored
to an equivalent resolution show
remarkably similar structure

DIFMAP eht-imaging SMILI
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Comparison of reconstructions, in the Fourier domain
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Focus on the First Event Horizon Telescope Results

Shep Docleman (EHT Direclor] on behall of the ZHT Collaboration

April 2019

April 6 April 10 April 11

“lgJre 1. EHT meges of M37 or tour diffarant obsery n2 nIEWs. In 28ch pane, the wnite circle shows th2 mesolution of the EHT. All tour meges ere domi-
nated by a srghtring with enhanced emr ssion in the south. From Pager IV (Figure 15)

Wa report the firat imaga of 2 hlack nale.

This Focus lssua shaws ulra-high angular resolut as images of radio amission from the supermass va black hola beliaved to lie at
the heart ol gelaay M8 (Figure 1. A delining leglure of the images s an imeguler bul clear Lrighl ring, whese size and shape ggree
clesay with the expactad lansad phaton orht of 2 6.5 hillion so'ar mass black hala. Saon after Einstein ntraduced sanaral relativity,
thecrists derivec the “ull anayuc rorm cf the photon orbit, and *Irst simulatec (13 Iensed eppeerance In the 19708, By the 2000s, it
was pessinle to ekatch the "shadow’ formed in the imasa whan eynchroron emission from an optcally th n accration flow is lensed
In the black hole's gravity. Dunng this ume, chiervet'cnel evidence tegan 1o bulld tor the existence of DIeck noles at the centers ot
actve galaxiae, ard i® our own Mi'ky Way. In particular, a stasdy profression in radio astronomy enablad verv long basalira
interferometry (VLBI) cbservetions et ever-shorer waveler gths, targeting suparmeassive black hcles with the largest apparent event
horizans: M37, and Sgr A* in the Galactic Certer. The compact sizes of these two sources were confirnec by studies at Z.3mm, first
exploiting baselines thas ran from Fawel'i to the meinland US, then with increesed reselutior on tes2lines to Spain and Chie,



SMA /
JCMT

_aér ' “zd—-
“igure Z. A map of the EHT. Stationg active in 2017 and 2018 are shown with cornecting lines and lade ed ir yellow, $ites in commissior are [abelec in

gresan, and kegacy Sles are labeled in red. From Paper 1| Figu e 1).

The sequence of Lellers in this issue orovices he (vl scepe of Lhe preecl and Lhe conclusions drawn 1O dale, Pegper |l spens wilh g
description of the EHT array, the technical develcoments that enabled precurscr detections, and the full range of coservations
repcrted here. Through the deplovyment of novel instrumentgtion at existing Teci/ities, the col gtoretion cregted e rew telescope with
Jniqua capabilities far black hole imaging. Paper Il detalls tha ansarvat ars, cata procassing, cal bration algorithms, and rigoraus
validatior pratocals for the final data praducts used for analysis. Paner |V givee tha full procaes and anproach 1o imaga
reconstraction. The Mingl images emerged afer 2 rigorous evaluation of vaditional imaging algerithms and new technigues tilored
W the EMT instrument-alongside many months ol lesting the imagng 2lgonthms throuzh the analysis of synthelic data sels. Faper
V uses newly assembled ibranes ol general redatvisic magnelohydrodynamic (GRMHD) simu’ations and advanced ray-racing Lo
analyze the images a~d deta in the context of & ack hole accretion and jet-launchirg, Paper VI emplovs model fits. ccmperison of
simuletions to data, end feature extractior from imeges tc cerive formel estimetes of the lensed emission ring size and sheps,
alack hole mass, and corstraints on tha nature of the black hala ard tha spaca-time surrounding it. Papar | is a concise summary.



Our image of the shadaw confines the mass of M87 to within its phaton orbit, previding the strongest case for the existence of
supermassive black holes. These observalions are consistent with Doppler brightening of relativistically moving plasma close o the
black nole ensed around the photon orbit. They strengthen the fundamertal conrection oetween active galactic nuclei and central
engines powered by accret ng black heles through an entirely new agproach. 'n the coming years, the EHT Collakeration will extend
effcerts o include full polerimetry, mapping of magnet ¢ fields on horizon scales, investigations of time variability, and increased
resolution through snorter wavelength observations.

In shorl, Lhis work signals Lhe development of a new feld ol research in asticnomy and physics & we £ero in on precision images of
black noles on horizen scales. The prospects for sharpening our focus even further are excellent.

First MBT7 Event Horizon Telescope Results. |. The Shadow of the Supermassive Black Hole
Tre Event Horizon Telescope Collabo-ation efal 2019 Ao/ 875 L1

First MET Event Horizon Telescope Resulls. 1. Aray and Instrumentation
The Event Honzon Teleseope Collaboration ef &l 2019 Ap/f 87512

FstM8/ Event Honzon lelescope Results. lIl. Data Processing and Calibration
The Event Horizon Telescogpe Collabo-ation e! al 2019 A /L 875 L3

First M&T Event Horizon Telescope Results. IV. Imaging the Central Supermassive Black Hole
The Event Horizon Telescope Collaboation et ai 2019 A2/1 875 L4

First ME7 Event Horizon Telescope Resulls. V. Physical Origin of the Asymmelric Ring
The Event Horizon Telescope Collaboration et &l 2019 A2/ 876 LE

FirstMBT Cvent Horizon Telescope Results. V. The Shadow and Mass ofthe Central Black Hele
The Event Horizon Telescope Collaboration e! ai. 2019 Ao/L 875 LE
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My friend, Carl

“No, 1t won’t be on the front page of every
newspaper because the image 1s just too blurry”
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One less mystery in our vast universe

Earthbound teams record
[irst image of black hole

Ey Brian
GLONE ST

Ezthesine Bouman bac devoted years to
the astonishiag ques. — W help cpture the
first image of a imassive black Tolein adis
tant gelaxy, a wold so derse ne 1ght can 2s-
cape

Fut when tas mind.bending break-
through finally ecre almos: a year ago, th
discovery had to stay s searet,

So, after the stunning image was 1¢
veelad L Uz world Wednesday, Bouman®

excitement spilled ot 2t what seened the
specd of l:drt.

“We've Deen Dusting Az the seamns about
What we'vax=en, 57 we had to keep our
moutas shar” 81 Beuman 29, 2 doetaral
gledhiste of)ul whe continued her studics
sl the Harvard.Smithsonian Center for As-
mmpayries,

- What ske end 2 large team of sciznlists
o MIT. Harvard, and other oniversities
0ad seer was Ui first=2ver image of & cos-
mie black Hoie 55 w il bghtyvars sway, a
time-warping and light-twisting ystery of
the untverse wiyoss existanse Albert Ein-
ek had hinted at & Sentury ago.

BLACK HOLE, Page AL2
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The image of a black hole spanned celebrations.
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3 years ago MIT grad student Katie
Bouman led the creation of a new
algorithm to produce the first-ever
image of a black hole.

Today, that image was released.
More info: bit.ly/BHoleGuardian

2016 story: bit.ly/BlackHoleCSAIL

#EHTDblackhole #EventHorizonTelescope
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Here's the moment when the first black hole
image was processed, from the eyes of
researcher Katie Bouman. #EHTBlackHole
#¥BlackHoleDay #BlackHole (v/@dfbarajas)
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e Alexandria Ocasio-Cortez &

DAOC

Take your rightful seat in history, Dr. Bouman!
m

Congratulations and thank you for your
enormous contribution to the advancements
of science and mankind.

Here's to #\WomenInSTEM!

Tamy Emma Papin @  lamy mraanin
Langrstulaticna 1o Katis Eauman tnoaham 23 owe the st
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| Nancy Pelosi @ »
@ SpeakerPelosi

Congratulations to Dr. Katie Bouman, who
developed the algorithm which captured the first
ever image of a black hole! You are an
Inspiration to all Americans and especially to
young women and girls with STEAM dreams!
cnn.com/2019/04/10/us/. ..

O 403K 6:46 PM - Apr 11, 2019 i

That image of a black hole you saw everywh...

The effort wouldn't have succeeded without Katie
Bouman, who developed a crucial algorithm and

cNn.cormm

.. Barbie g 7

2 @ Barbie

Cengratulations Katie Ecurnan on this
remarkable accomplishment! Thark you for
eading by 2xampl2 and sncouraging girls to
oush the boundaries cf science. _;
#YouCanBeAnything #MoreRoleModels

Ad+ & @ajplus

Feplying to @gjplus

Thic is Dr. Katie Bouman. Sha's the computer
scientist behind the first-ever image of a black
hole.

She developed the algerithm that turned
telescopic data into the historic photd we see
lodey.

.
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Q) 150 pecple are talking about this
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MIT CSAIL &
_ | Follow )
@MT CSA p /

We at @MIT_CSAIL are so proud of the
role our alum Dr. Katie Bouman played
in the development of the first-ever
picture of a black hole. She's been
psyched about all the #blackhole
interest & just wanted to clarify a few
things. (1/7)

1149 AN - 12 Aoy 2019

N

128 Fetvosts 434 Likes @ R 6. g OQI&“

L) 28 T1 128 ) 434

MIT CSAIL & @0/ IT CSAIL - Apr 12

In aur first tveest about this, vee linked to = 2016 story about an algoritam she
led the develapment of while at CEAIL. That algorithm wes intended to lz4e 2
picture of aklack nc e, but didn’t create tha final image. (cont)2/7)

¢ 4 L ) 8

MIT CSAIL & @n/IT CSAIL - Apr 12

It inspered imaga va dation proceduses o tae final paper, and the =HT team
together developaa new methnds thal wera usano n raconstructing the black
hole imege.(3/7)
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New York Times

7249 wi T =

How Katie Bouman
Accidentally Became the
Face of the Black Hole
Project

April 11, 2019

As the first-ever pictare of a black hole was
anveiled this week, another image began
making its way araund the intarnet a photo
oravoung sclentst, clasping her hands
over ker face ancd reacting with glee to an
image of an orange ring of light, circling a
deep, dark abyss.

[t was a photo 100 good no: to share, The
scientist, Katie Bouman, a postdoctoral
fellow who contributad to tha projact,
became an instant hero for women and girls
n STEM, a welcome svmbol in a world
hungry for rcpresentatien,

Public figurcs from Washingten te
Hollywood leamed her name. And some

advocates, fagiliarasim how history can
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Katie Bouman is with Sara Issaoun and 6 others.
’ April10 at 7:47PM - Q

I'm so excited that we finally get to share what we have been working on
for the past year! The image shown today is the combination of images
produced by multiple methods. No one algorithm or person made this
image, it required the amazing talent of a team of scientists from around
the globe and years of hard work to develop the instrument, data
processing, imaging methods, and analysis techniques that were
necessary to pull off this seemingly impossible feat. It has been truly an
honor, and | am so lucky to have had the opportunity to work with you all.
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Katie speaking
at MIT
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Katie speaking |
at MIT
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" at Stanford
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Katie speaking at CSAIL’s annual gala at ICA, April 27, 2019
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next: SgrA*

* The EHT team 1is processing the data from the
black hole at the center of our galaxy

* Much less massive (4M vs 6.5B solar masses),
and therefore faster dynamics than M&7*
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DI0TY T Awhonrs) Parlishad by the Amerdcan @ oo oo Swisy
PEN ACCESS
CromsMark

First Sagittarius A* Event Horizon Telescope Results. I. The Shadow of the Supermassive
Black Hole in the Center of the Milky Way

The Event Horizon Telescope Collaboration

(See the ond matter far the full list of authars.)
Neceoved 2022 March 23: revesed 2022 Apeil 4: aceepled 2022 Apn! & puidished <22 May 12

Abstract

We present the firt Event Horizon Telescope (EHT) observations of Sapittarins A (Ser A”), the Gelactic center soures
assockied wilh @ supenmassive black hole, These observations wese conducled i 2007 wing a global mkaferonxeiiag
amay of eight elescepes opesating ar ¢ wavelength of A = 1.3 mm. The EHT dam reselve £ compact emission region with
intranour vanability. A varety of imaging and modeling analyses all suppoct an image that is dominzied by & bright, thick
ring with a diamezer of 1.8 & 2 3 ;uas (68% credible intzrval), The ring has medest azzmuthal brighmess asymmetry and
a comparatively dim nrerior Using @ large suite of numerical simulations, we demonstrate that the EIT images of
Sgr A” are consislent with the expected wpperance of a Kem black hole with mass ~4 « 107 M, which is infermed 10
cyist at this ‘ocation hased on previous infrred observations of individuoal stellar orhits, as well as meser proper-motion
studies. Our mode! comparisons dislavor seenaios where Uie black hole is viewed at ligh inglination (7 2~ 507), as well as
nonspinning black holes and those with rerrograde aceretion diska. Our results srovide direct evidence for the presence of
a supermassive black hole at the center of the Milky Way. and for the hrst tme we connzct the predictions from
dynamical measuremznts of scellar orbis on scales of 10° 10° grevitational radii 10 event horizon scile images and
vadiability. Purthermaore, a comparison with the EHT resnlis for e supermassive black kole MB7" shows consistency
wilh the predictions of general ielativity spanmng over luee ocders of magmiude o cental s,
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SErA™

Zvent Hodzon Telescope Colliboation et al

April 7, 2017

o 2 4 6 & 10 12 14
Brightness lemperature (107 K)

Figure X Sepresentecive FUT mege of Sgr A7 from obsvations o~ 27017
Apel 7. This image i3 an average over dEfercot rexonstuction mehodnagics
\CLEAN. RML. unc Baxesion! ard reconsiructed morsholsgies, Coler deows
the specific ‘mersity, shown in units of anghness empeture, Tre inst ik
shaws e reswxinyg boam wed for CLEAN ez reconstustivns (20 jes
FHML The Dot om pone!s show geerage nosgess wikluo salbeets wo i sl
o plologies, vl ey peaconae sdicaled by e e, ks T
milnphicry o0 mmage modes cetlects nocsramcy doe o he guaese asel e
coveenge: - docs nat covispand b differe smapsbals of e variakle sourte
Nearly all rceorspratid images shaw & peominent ring rarphalogy. Whike te
dicmeree @l ickaer of tha rng are fenzrally ConsEler ke e
recomazrmztions, the azinihal snrure of the ring is poccy consirained.
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