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Abstract

The images of the supermassive black holes Sgr A* and M87* by the Event Horizon
Telescope collaboration mark a special milestone in the history of the subject. For the
first time, we are able to see the shadow of black holes, testing basic predictions of
the theory of general relativity. We are also now learning more about the fundamental
astrophysical processes close to the event horizon that help to shape entire galaxies
and even parts of our cosmos. The ultimate result was only possible due to a large col-
laborative effort of scientists and institutions around the world. The road toward these
images was the result of a long sociological and scientific process. It started with early
pathfinder experiments and a few simple ideas that were remarkably successful in pre-
dicting the basic observational signatures to look for. This was based on the premise
that black holes are inherently simple objects. Here, | describe this journey and some
lessons learned from a personal perspective.
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INTRODUCTION

Imaging a black hole does not just happen. It is a result of a long sci-
entific but also sociological process: pioneering work of a few and the
collective effort of many, understanding the basic physics, long-term
visions, sudden revelations, technological game changers, continuously
growing incremental insights, and in the end also some luck. Witness-
ing how such a process unfolds from the beginning was an interesting
experience for me. Here, | try to tell the story from my personal per-
spective and mention a few of the lessons | learned along the way. This
is not meant as an exhaustive and thorough scientific review of the
topic but uses a more narrative approach. An extensive and more pop-
ular description of the process and science can be found in our book
“Light in the darkness.”*

Looking back at my career, it pays off to let yourself be guided by the
big scientific picture first. As a student, | was drawn into physics by the
fundamental questions about space, time, and matter that it addressed.

Particle physics was at its peak and | was impressed by the large physics

collaborations and the success of the standard model to rule our world-
view. However, it was also clear that particle physics was getting too
big. The ability to make an impact was getting more difficult and the
next big thing was perhaps decades away.

There was still one major unsolved question: What is the true nature
of gravity—after all, it was the last force resisting assimilation into the
standard model of physics. Was it a force at all? How would it relate
to quantum physics? One of the most mysterious objects that encapsu-
lated all these questions seemed to be black holes. Did they really exist
innature?

BLACK HOLES: FROM MATHEMATICAL CURIOSITY
TO ASTROPHYSICAL PARADIGM

Soon after Einstein developed his theory of general relativity (GR),
black holes became the first solution to his field equations. In

the trenches of World War |, Karl Schwarzschild? calculated how

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
© 2022 The Authors. Natural Sciences published by Wiley-VCH GmbH.

Nat Sci. 2022;2:€20220031.
https://doi.org/10.1002/ntls.20220031

wileyonlinelibrary.com/journal/ntls | 1of 16


https://orcid.org/0000-0002-2526-6724
mailto:H.Falcke@astro.ru.nl
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ntls
https://doi.org/10.1002/ntls.20220031

THE ROAD TOWARD IMAGING A BLACK HOLE

2016 | Natural

Sciences
spacetime would be curved around a point mass. Everybody under-
stood that this was more or less a mathematical trick to make
calculations simple and did not necessarily reflect physical reality.
Schwarzschild’s solution was not called a “black hole” immediately” but
it certainly was up for surprises. This spacetime metric was marked by
asingularity at the center. Solutions to equations would explode impas-
sibly into the infinite. Singularities in spacetime are points where world
lines terminate, that is, where light and information cease to exist in an
instant, and where space is infinitely stretched.

Equally interesting was a coordinate singularity that later became
known as the event horizon: a virtual one-way membrane. Everything
crossing this ultimate boundary can only travel toward the central sin-
gularity and never return—no matter, no light, and no information can
leave this region. The event horizon poses a fundamental problem to
modern physics: it separates a part of our universe that clearly exists,
and where laws of physics should be at work, but which shields itself
from measurement by any outside observer. Is not the ability to exper-
imentally verify physical theory a defining feature of science? Is the
inside of black holes still science, or is it beyond our science?

Einstein recognized these problems but did not really believe black
holes could formin nature.* They were merely amathematical curiosity
in his mind." Einstein was soon shown to be wrong by Oppenheimer and
Snyder? and later by Penrose.® In fact, black holes can form naturally
through the collapse of a massive star and they can grow to supermas-
sive proportions in the center of galaxies by accretion of matter and
mergers with other black holes. Of course, at the time, it was not clear
these objects would really exist, let alone that you realistically could
see them.

The first hint that compact dense objects really could form came
from the discovery of white dwarfs and later of pulsars—ultracompact
rotating neutron stars—by Jocelyn Bell-Burnell in 1967.%7 Neutron
stars form in the collapse and implosion of massive stars but have a
maximum mass limit beyond which they would turninto a black hole.

In the late 1960s and beginning 1970s, X-ray astronomy led to
the discovery of stellar-mass black hole candidates in X-ray binaries.®
Radio astronomy turned up quasi-stellar radio sources, or quasars for
short.”10 They were shown to be at a distance of billions of light years,
radiating 30-100 times the luminosity of an entire galaxy from a region
barely larger than our solar system, as one could derive from variability
arguments.

How can one produce so much energy in such a small volume and
how can one avoid this powerful engine is blown away by the brute
force of its radiation pressure? Supermassive black holes were the
answer.!! Matter particles of mass m circling close to a black hole
would approach almost half the light speed. This provides kinetic ener-
gies of a significant fraction of mc2 which then could be turned into heat

and radiation in dissipative processes. Accretion onto black holes can

"The complicated genesis of the name is traced in an article by Herdeiro and Lemos.3

* While | am not a historian of science, it does feel a little bit like the early discussions
around the Copernican heliocentrism, where it was also debated whether it reflected only a
mathematical or a physical reality.

# Anthony Hewish received the Nobel prize for this, Jocelyn Bell not. Fortunately, there is a still
chance to correct this historical error.

be more efficient than the process of nuclear fusion, powering the sun
and the stars, which has an efficiency of only ~0.7% mc2.

At the same time, the enormous gravitational pull of black holes
could contain the huge amount of energy in the very center of a galaxy
against the huge outward-facing radiation pressure—fulfilling the
Eddington limit. Lynden-Bell and Pringle'? and Shakura and Sunyaev!3
calculated the astrophysics of this process,® where angular momentum
forces the matter to rotate in adense, intransparent accretion disk that
stays geometrically thin and allows all locally produced energy to be
radiated away by black body radiation (i.e., heat radiation).

Soon theorists would calculate the appearance of such a black
hole'#¢ (Figure 1). The black hole paradigm was set and our vision of
black holes was shaped. Today, this is visible in popular science books
and Hollywood movies like Interstellar.T While this picture is probably
correct for the brightest sources in the universe, it is also dangerously
deceptive and in fact misleading if one thinks about more normal black
holes like the ones the Event Horizon Telescope (EHT) has imaged.
Most of the black holes in the cosmos do not radiate brightly like the
few big “stars” that attracted all the attention in the 1970s and their
physics is different. It is exactly these feeble black holes in the uni-
verse that let us peer into their darkness and learn something about
gravitational physics from them.

Radioastronomy soon found another curious phenomenon: black
hole candidates are able to produce copious amounts of radio emis-
sions. That emission does not come from matter falling inward, but
from matter shooting outward in the form of highly collimated plasma
beams or “jets,” flowing at velocities close to the speed of light and
sometimes looking like the exhaust of a jet engine or a smoke trail
from a chimney (Figure 2). The emission is due to synchrotron emis-
sion: high-energy electrons gyrating in strong magnetic fields and these
magnetic fields are strongly suspected to launch astrophysical jets.

Where there is smoke, there is fire, and these jets are also giant
particle accelerators producing some of the highest energy particles in
the universe. No wonder, particles are accelerated as they are plowing
with almost the speed of light through the interstellar medium of their
host galaxies, producing all kinds of shocks and turbulence. The jets
also produce X-ray and gamma-ray emission and also are likely sources
of ultra-high energy cosmic rays'® and neutrinos.!? The entire high-
energy sky lights up with black holes and their associated jets! This
provides an intriguing and somewhat unexpected link between parti-
cle physics and astrophysics, which has merged today into the field of
astroparticle physics.

Most of the energy of jets and accretion disks is generated very
close to the black hole. This is the deepest gravitational well in the
universe. The energy will either disappear into the black hole or be
transported outward and impact the stars and gas in the host galaxy via
radiation from the accretion disk or the kinetic power of the jets. The

more matter falls toward a supermassive black hole, the more energy

§ The basic physics of such a thin disk was already calculated by von Weizsicker1# for the case
of forming stars and planets.

T A history of black hole imaging is presented in the PhD thesis by Emilie Skulberg “The
event horizon as a vanishing point - a history of the first image of a black hole shadow from
observation,” Univ. Cambridge (2021).
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Visible appearance of the orbit of a star around a black hole,'* (left) and appearance of a thin, opaque accretion disk around a black

hole,¢ (right).

LOFAR (radio)

240.000 lightyears

VLA (radio)

The radio jet in the galaxy M87.17 Left is a radio image at 140 MHz made with the LOFAR radio telescope in the Netherlands and
the insert on the right shows a higher resolution image made with the VLA in New Mexico (NRAO) at 15 GHz.

is deposited inside the galaxy and in the medium in between the galax-
ies. Hence, what happens near black holes also affects the evolution of
galaxies and even the entire cosmos to some degree.2021

Soon another thought kept astronomers busy: If there are super-
massive black holes in distant quasars in the past, should not there still
be supermassive black holes in normal galaxies close to us? Lynden-
Bell and Rees?? even speculated there should be one in the center of
our own Galaxy, perhaps even marked by a compact radio source like
we see it in the hearts of many quasars. Sure enough, high-resolution
spectroscopy of gas and stars in the centers of nearby galaxies revealed
the presence of dark compact objects there,2® including our own
Galaxy.2* Radio astronomers2°>2¢ also found a compact flat spectrum
radio source in the Galactic Center (Figure 3), not unlike radio cores
seen in quasars, but much weaker. It was later called Sagittarius A* (Sgr
A F

This object was henceforth the target of many very long base-

line interferometry (VLBI) experiments that tried to unravel its radio

# Sagittarius A was simply the brightest radio source in the constellation Sagittarius. The star
marks the “exciting” compact radio core in the Galactic Center.2”

structure, going to higher and higher frequencies. VLBI combines
radio telescopes around the world into a virtual earth-sized telescope,
providing the highest imaging resolution in astronomy—the higher
the frequency and the longer the separation of the telescopes, the
smaller structures one can see. However, soon it became clear that the
structure of Sgr A* was blurred by radio waves scattering off inter-
stellar clouds??3%—|ocated somewhere between us and the Galactic
Center.?! This made it seemingly impossible to see the actual nature
of the radio emission. Nonetheless, the hope never dies.

When | started my PhD, | witnessed an ambiguous situation. Every-
body was talking about black holes, but they were still seen as exotic
and unproven: a ruling paradigm, but not a physical reality yet. Many

skeptics demanded more proof.

In the early 1990s, several observational results involving Sgr A*
caught our attention: new (sub)mm-wave detectors found surprisingly

strong emission at the shortest wavelengths not yet resolvable by VLBI
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FIGURE 3 Radioimage of the Galactic Center region made with the MeerKat telescope array in South Africa at 1.3 GHz.28 Sgr A* is the point

in the bright central splotch. The image has a width of 775 lightyears.

observations.32 Was this dust or synchrotron emission from the black
hole? A group at the Max-Planck-Institut fir Radioastronomie (MPIfR)
in Bonn soon produced the first ever VLBI observations of Sgr A* at
a wavelength of 7 mm, that is, at the shortest wavelength and at the
highest resolution ever achieved until then.3® The image seemed to
show some structure. Does one see a jet sticking out, calibration issues,
or just blurring of the image by the interstellar medium again? Also,
the Max-Planck team in Garching®* presented their first near-infrared
speckle images of the Galactic Center, revealing some faint emissions.
Was this the black hole or something else?

| had the benefit to work on theoretical astrophysics at the MPIfR
in Bonn, that is, in an institute, which specializes in observational radio
astronomy. My supervisor, Peter Biermann, was an old-school physicist
in the best sense: able to calculate with logarithms, know the funda-
mental constants by heart, and able to quickly check the basic physics
on a blackboard guided by observational reality—before one would go
into an in-depth theoretical or numerical calculation. The sea of theo-
retical possibilities in astronomy is vast and data provide a shoreline to
navigate.

However, what aspects of the data are believable? What technology
can we reasonably expect in the future and what science can we expect
fromit? This you can only learn from the true experts in the field. Work-
ing with observers and instrument builders roots you in reality and
opportunities. So, when these new observations of Sgr A* came about,
it seemed clear to us: Something exciting is in the air and new observa-
tional opportunities abound—the hunt for the supermassive black hole

in our Galaxy is on!

MODELING SGR A*—IF YOU KNOW ONE BLACK
HOLE, YOU KNOW THEM ALL

Surprisingly, there was no clear understanding of what the nature of
the radio and submm-emission of Sgr A* is. Already a few months ear-
lier we had investigated, what the accretion rate and luminosity of Sgr
A* was, that is, how much matter was falling toward the black hole and

how much energy was dissipated into radiation. We concluded that the

luminosity and the mass infall rate were extremely low.3> We called it a
“black hole on astarvation diet.” Now, we were wondering, whether the
radio emission of Sgr A* could be related to the jets seen in much more
powerful quasars and radio galaxies, but at much lower power levels.

At the time, there was and still is a strange split in the commu-
nity: either one would work on jets from black holes, mainly related to
radio astronomy and later gamma-rays, or one would work on accre-
tion disks, mainly working with optical or X-ray data. Communities in
astronomy were traditionally determined by one’s favorite observing
wavelength—that would literally determine your view of the universe
and of individual objects.

But are not jets and disks not the expression of the same phe-
nomenon and intimately linked? We later spoke a bit provocatively of
the “jet-disk symbiosis.”3¢ Our thought was: Black holes should be sim-
ple! From a grand perspective, their properties are only set by their
mass, giving a length scale, and their accretion rate, setting the power
scale. The spin and orientation of the black hole could modify the
appearance further, but to a minor degree only. So, if powerful black
holes have a jet, why not feeble ones like our own?

We postulated a fundamental coupling between the power of the
inflow and the outflow: Pie; = gM c2. Turn down the accretion rate, M,
by a factor of a Million, you get a jet power, Pje, that is, lower by a fac-
tor Million (where the efficiency q is of an order of a few percent and ¢
is the speed of light). Calculating the radio flux using synchrotron emis-
sion and a simple conical source geometry,3”:38 one can show that the
radio flux scales nonlinearly as F, « M17/12 and that the radio size is
roughly proportional to the wavelength.

This model very naturally explains the characteristic flat spectrum
of compact radio emission not only in the Galactic Center but of black
holes in general. Indeed, we later hunted for this radio signature and
found that it is ubiquitous in low-power galactic nuclei.3?

When we applied this scaling to Sgr A*, we found that we only
needed an accretion rate of 1077-108 M, (solar masses) per year to
explainits faint radio emission and to reproduce its tiny size as found by
the new VLBl measurements. This accretion rate is at least eight orders
of magnitude lower than what one derives for powerful quasars and

about four orders of magnitude lower than the average accretion rate
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one needs to grow our Milky Way'’s central black hole over the age of
the universe. “Low,” however, still means that it consumes the mass of
the moon every few years.

Most excitingly, the model suggested that the higher the frequency,
the smaller and closer to the black hole the radio emission should be.
In fact, the (sub)mm-wave emission should come from a region the size
of the event horizon. Indeed, if one looks at the Sgr A* spectrum, it cuts
off at higher frequencies, that is, shorter wavelengths. Was that a sign
of the event horizon setting the smallest possible scale and suppressing
higher frequencies? Would it perhaps be possible to see the black hole
using that radio light?

A quick check of the size scales showed that the diameter of the
event horizon for a Schwarzschild black hole, 2Ry =4 R; =4 G M/c2,
was just ~9 uas (microarcseconds). Astronomers measure the sizes of
celestial objects in angular scales. This can be turned into an actual size
or width with basic trigonometry, only if one knows the distance of
the object. One microarsceond corresponds roughly to an object with
the width of a human hair in New York as seen from Nijmegen in the
Netherlands.

The event horizon scale we calculated in the 1990s was for a mass
M~2 x 108 M,,,, and adistance D = 8.5 kpc (one kiloparsec, kpc, is 3262
lightyears = 3 x 1021 cm). This was too small to be resolved by a VLBI
array at 230 GHz, which would only reach about 25 uas resolution. The
smallest scale resolvable by an interferometer is given by 1/D. Here, the
wavelength A~1 mm was fixed by the astrophysics of the black hole, and
the maximum telescope separation D was set by the size of the Earth—
two parameters you cannot easily tune.

Moreover, black holes would likely be rotating and the event horizon
could easily be a factor of two smaller for a maximally spinning black
hole. Another potential candidate, the supermassive black hole in M87
seemed even smaller at the time, by a factor of three*® —disappointing,
but still intriguing and the thought kept nagging at me.

A NEW VISION

Afew years later,! | realized that we had overlooked an obvious effect.
Searching for another paper in a book, | accidentally stumbled over a
rather unknown paper by Bardeen,*! who calculated the appearance
of a rotating black hole in front of a star. The “black hole” he showed
was five times larger than the event horizon. Only then, it dawned on
me that the strong gravitational lens effect would, of course, magnify
the appearance of the event horizon in any image. Also, the spin effects
were much less than expected. If you illuminate a black hole, light has
to pass on both sides of the spin axis. On one side, it can “flow” with the
rotation of spacetime and pass very close to the event horizon. On the
other side, however, the light will have to flow against the rotation of
spacetime and be captured much further out (Figure 4). This means that
spinning up a black hole will shift the location of the black hole centroid

relative to the dark region, but it will not change in size much.

It was probably around 1995, since the first mentioning of the possibility to image the black
hole appeared in two conference proceedings: Falcke.32:33

Unknown to me at the time, the basic equations for the light bend-
ing around a nonrotating black hole had already been calculated by
David Hilbert as early as 1916.4344 He had shown that light passing
tangentially at a distance of \/27 Rg would be asymptotically bent onto
a circular photon orbit (at a separation of 3 R). Light rays coming any
closer would end up inside the event horizon, while light rays passing
further away can still escape. Shining light at a black hole and looking
at it would, therefore, reveal a sharp divide between darkness and light
with a circular shape of radius \/27 Rg. Including spin effects would only
mean that the size could shrink by about ~8%. The effect, therefore,
predicted a dark region of 25 pas in Sgr A* just resolvable by VLBI at
wavelengths shortward of 1.3 mm. Also, the expected blurring of the
image by interstellar scattering was expected to become subdominant
at this wavelength. Hence, it should actually be possible to start seeing
“the black hole” with a realistic VLBI array at (sub)mm-waves!

That thought was a life-changing revelation. Today, most libraries
are gone and so are many old books. Nowadays, we preselect our lit-
erature research with filters and bots or leave it to Google. | hope we
still give luck a chance in science, by occasionally turning an unexpected
page somewhere.

Going further from that point needed more than just a vision. Some
hard work had still to be done to make a convincing case. Millimeter-
wave telescopes were around already, but some were threatened to be
closed, many were still to be equipped, and new ones had to be built.
New opportunities appeared on the horizon with the planned atacama
large millimeter array (ALMA) telescope in Chile, the Large Millimeter
Telescope in Mexico, the upgrade of the Plateau de Bure Interferome-
ter NOEMA, or later the Green Land Telescope. In the end, all would be
used, but it took longer than expected.

CASTING A SHADOW

To make the case clearer, we wanted to do a proper calculation to trace
light rays in Sgr A* and make a theoretical image of the black hole.
Images capture imaginations. We calculated the appearance of black
holes for a wide range of generic astrophysical scenarios, where the
black hole was embedded in an extended, transparent, glowing emis-
sion region as expected for Sgr A* We explored various spins, as well as
rotating, infalling, static, and outgoing flows and different radial emis-
sion profiles*>#¢ (Figures 5 and 6). While | had done general relativistic
radiative transfer for my Diploma thesis already, we here used a more
modern ray tracing code that Eric Agol had developed to compute the
radiation transfer of a thin accretion disk as a model for quasars.”

In the calculations, we broke with the standard picture of thin,
opaque discs. In the standard picture one sees in popular magazines,
the dark region is dominated by a gravitationally lensed image of the
hole in the accretion disk (Figure 1). Hence, in this case, the key observ-

able does depend significantly on astrophysics. For example, seen

"It was applied to the inversion of a microlensing light curve as well as modeling accretion
disks with nonzero torque at the inner edge due to magnetic fields.! For the Sgr A* shadow
application, it was extended to handle the 3D geometry.
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FIGURE 4 Lightraysinthe equatorial plane of a rotating black hole. The colors indicate gravitational redshift (based on Ref. 42).

EHT (2019) EHT (2022)

FIGURE 5 Anearly model prediction of the black hole shadow in Sgr A* from Ref. 4° (left) compared to the images of M87* and Sgr A*
published by the Event Horizon Telescope collaboration. This model was originally calculated at 0.6 mm wavelength for a rotating 2.6 Million solar
mass black hole—as assumed at the time—with a free-falling matter in an r=2 emission profile. The size of the shadow is proportional to mass.
Today’s mass over distance (and shadow size) for Sgr A* is a factor 2 larger. On the other hand, a telescope at 0.6 mm wavelength has a factor
roughly two higher resolutions than at 1.3 mm. Hence, in terms of resolution elements per shadow size, the 0.6 mm model is now a better match to
today’s best parameters than the 1.3 mm model.

FIGURE 6 Different shadow models showing a range of astrophysical situations. From left to right: (a) Kerr black hole with spina = 0.998,
inclination i = 90°, r~2 emission profile, and “Keplerian” rotation; (b) same as (a) but for a free-falling nonrotating emission region; (c) jet-like
emission in a hollow cylinder with rotation and outflow for i = 90°; (d) same as (c) but for i = 45°. In all cases, the imprint of the shadow is clearly
seen. The asymmetry in the ring in a, ¢, and d comes from Doppler beaming. (These images are from Falcke®© and Falcke et al.,*> with the exception
of panel ¢, which was only shown in the slides of my Ludwig-Biermann-prize lecture published in Falcke®°.)
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under an angle, the hole would look egg-shaped since the inclined disc
would obscure the black hole itself. It is hard to see a hole behind a wall.

However, in all our transparent and geometrically extended emis-
sion models, we always saw the close-to-circular dark region caused by
the light bending in the Kerr metric and absorption in the event horizon.
We called that region the “shadow” of the black hole’" since one does
not see the black hole itself, but rather the light it was blocking. 5% In
contrast to the thin disk picture, the shadow also remains if the emis-
sion region is evacuated well beyond the shadow size*” —as long as the
emission engulfs the black hole from all sides. Infact, the emission could
even be at infinity. A simple picture to understand this is a wick in a
burning candle that leaves its dark imprint on the flame. Of course, for
the black hole case, one would not see any surface texture and the gen-
eral relativistic black hole wick would appear larger by a factor of 2.5
than it actually is due to gravitational lensing.

For the sample models that we ultimately published (Figure 5), we
chose a red color scale, representing heat or molten iron. After all, we
were showing radio emission that is invisible to the human eye but
comes from the extreme red part of the electromagnetic spectrum and
is emitted by extremely hot gas. This was an artistic choice in the end,
but it stuck.

In our simulations, the shadow was often surrounded by a bright
ring of emission, later called a photon ring. Sometimes, only half or a
quarter of the ring was clearly visible, due to relativistic beaming. Emis-
sion from plasma that is moving toward the observer will be amplified,
and plasma moving away will be deamplified. This leads to a char-
acteristic crescent shape for a rotating emission region.*’ Figure 6
shows a few models that we calculated at the time for different generic
astrophysical situations.

The circumference of the shadow itself is mathematically precisely
determined by the gravitationally lensed photon orbit, which reflects
the properties of the spacetime geometry. This makes it suitable for
direct metric tests for any theory of curved spacetimes, like GR.>!
Hence, we concluded that the shadow is a very robust test to probe key
characteristics of black holes and their spacetime.

Of course, the actually observed shadow will be slightly larger
or smaller depending on the astrophysical model and the image
resolution—there are never perfectly sharp gradients in nature and one
will need some suitable calibration strategies to relate the observed
shadow to the mathematical one. Today, the EHT has developed meth-
ods to quantify the error associated with this and they are of order
10-20%, limited by the resolution of the experiment and uncertainties

in the astrophysical model.>253

PROBING THE WATERS—TESTING THE MODEL

Of course, probing the shadow in Sgr A* only would work if the emis-

sion is indeed what we thought it was. Hence, we first checked whether

™ Incidentally, only a few weeks later, a paper was published by Vries,*8 who introduced the
same terminology completely independently.

 See Bronzwaer and Falcke € for a more extensive discussion of the nature of the shadow.
55 Note that the EHT now defines the shadow as the precise mathematical region encircled
by the lensed photon orbit, which is different from the observed feature, which one could call
observed shadow or central brightness depression.
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FIGURE 7 Intrinsic size of Sgr A*—after subtracting an empirical
scattering law broadening the image—as a function of wavelength,
prior to the EHT measurements. At 1.3 mm wavelength, the emission
approached the size of the shadow. (Adapted from Ref. ). A more
recent size determination at 3 mm can be found in Refs. °? and ¢°.

the submm-emission in the Galactic Center was indeed synchrotron
emission from the black hole or perhaps some unrelated dust further
away, as some claimed. We organized what was perhaps the first mul-
tiwavelength campaign with multiple telescopes looking at Sgr A*. This
gave us a simultaneous broadband radio spectrum and confirmed the
nonthermal nature of the submm-bump. Again, a very simple analytic
model of the emission showed that indeed the emission region should
be horizon scale and becomes transparent at mm-waves.’* Already
in this paper, we strongly advocated imaging the event horizon at
(sub)mm-waves.

Soon thereafter, the first prototype VLBI observation of Sgr A* at
1.3 mm was published by a small group at the MPIfR group in Bonn.>>
It used the two IRAM telescopes on Pico Veleta and the Plateau de
Bure. Two telescopes are not enough to make an image, but at least
a size could be measured. The inferred value was consistent with
today’s measurements; however, the error bar was large and the con-
clusions unclear. Also, experiments at 3 mm got better, showing that
the emission was compact indeed,”® but it still was not clear whether
interstellar scattering was fooling us.

A few years later, we were able to get much better data at longer
wavelengths and finally succeeded to derive an intrinsic size of Sgr
A* after subtracting the interstellar blurring at various wavelengths.5”
Indeed, the actual source size was decreasing with wavelength, con-
sistent with our earlier jet models. Extrapolating, one could show that
event horizon scales would be reached at around 1 mm wavelengths
(Figure 7).

BUILDING MOMENTUM

In 2004, we organized a special session at a conference in Green Bank
dedicated to the 30th anniversary of the discovery of Sgr A*, where

Geoff Bower, Shep Doeleman, and myself spoke.f™ The discussion was

T See http://www.aoc.nrao.edu/~gcnews/gcnews/Vol. 18/editorial.shtml and http://www.aoc.
nrao.edu/~gcnews/GCconfs/SgrAstar30/. An early discussion of VLBI was organized for the
Tucson 1998 meeting, which has been documented in Zensus and Falcke.61
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geared toward preparing future experiments and at the end of the
session, there was strong support in the community for conducting
the experiment. Haystack observatory started preparing a program
to develop broadband digital equipment necessary to increase the
sensitivity of the experiments and to improve the ability to correct
atmospheric phase fluctuations, which was hampering proper imag-
ing. Also, the newly developing ALMA telescope project seemed to
embrace black hole imaging as a potential science case.®? Unfortu-
nately, this mode was not implemented from the start and had to be
added later.®3

In a series of telecons, the three of us discussed a potential road
toward the next generation of experiments. In a meeting on March 3,

2006, | summarized in the minutes the state of the discussion:

Either we have a loose collaboration or a more formal
one? In a closer collaboration one would sign an MoU*#
defining the structure (collaboration board, speaker and
co-speakers, publication policy, financial matters, col-
laboration meetings, working groups on experimental
issues and simulations, data reduction and interpreta-

tion).

The goal of the consortium will be to not only image
the shadow of the black hole once but to continue the
experiment in the future. We want to turn Sgr A* into a
precision laboratory to directly measure and image all
kinds of general relativistic effects that cannot be seen
anywhere else in the universe.

| was advocating a more formal collaboration since | had started
to work in astroparticle physics and had seen how larger physics col-
laboration worked from the inside. However, it would take a little
longer for it to take shape. Europe was losing its leadership at the
time. Germany was leaving the Heinrich-Hertz-Telescope in Arizona,
which was later renamed to submillimeter telescope (SMT), and the
Netherlands the James Clerk Maxwell Telescope (JCMT) in Hawaii. The
main argument was the new ALMA and APEX-Telescopes coming up,
which needed funding and attention. Astronomers had the reputation
of always building new telescopes without giving up old ones. Just at
the time when (sub)mm-wave astronomy was entering a new phase,
with ALMA as a major new project, we faced the danger of losing the
smaller telescopes, necessary to do a VLBI experiment!

Doeleman et al.®* organized a series of experiments with telescopes
available in the United States, which eventually succeeded with the
first measurement at 1.3 mm with three telescope sites, including those
two telescopes, plus the Combined Array for Research in Millimetre-
wave Astronomy (CARMA) in California. The result was more robust
and had smaller uncertainties than the experiment from the 1990s.
Moreover, the mass measurements of Sgr A* had become more accu-

rate and precise due to the measurements of stellar orbits around the

## MoU = Memorandum of Understanding, a milder form of a contract.

object by the groups of R. Genzel and A. Ghez.6>%¢ The inferred mass
had doubled and the inferred distance had shrunk, compared to the
1990s. This meant that the expected shadow had increased signifi-
cantly and should be about 50 pas in diameter now. The new VLBI
experiment then claimed 36+1¢_;, uas. Clearly, there was an event
horizon scale structure and these experiments paved the way for the
future EHT.

In Europe, we lobbied to get the idea of imaging black holes with
submm-VLBI into the Astronet strategic plan for astronomy.”” This
did not deliver any money immediately, but came in handy when
applying for major funding later. Shep Doeleman organized a meet-
ing at the AAS-Meeting 2009 in Long Beach in preparation for the US
decadal review.®” | organized a meeting at ESO targeting the European
community and followed it up with a White Paper.68:¢?

In one of these famous conference coffee breaks at the AAS meeting
in 2009, | talked with Shep Doeleman and suggested to choose a more
interesting name for the experiment and we came up with “Event Hori-
zon Telescope.” A name was born, " but there was no consensus yet on
what it meant. Many meetings and telecons still had to follow.

Of course, there were also tensions and one could write an extra
book about those. Not all of them were always constructive, but in the
long run, tensions also hold you sharp and can move things forward. In
2013, | succeeded together with two colleagues (Rezzolla and Kramer)
in getting the 14 M€ Synergy Grant “BlackHoleCam” of the European
Research Council (ERC), which enabled us to fund not only hardware,
but also data analysis, theory, and even pulsar research.”2 This was the
largest single grant ever given toward the EHT that also integrated all
these components into one large project. Fortunately, the ERC rules
gave us a lot of freedom to spend the money flexibly in coordination
with other groups around the world. | was lucky to find a very able
project manager, Remo Tilanus, who later also became the EHT project
manager and who had a lot of freedom to use the funds wherever it was
needed to quickly prepare for the experiments. This is the strength of
an ERC grant. It also helped to attract and build a stronger network in
Europe. A couple of months later also, a major grant by the NSF was
granted in the United States with Doeleman as Pl and many US col-
leagues contributing, and in 2015, the East Asian observatory rescued
the JCMT in Hawaii.

In 2014, the preliminary structure of the EHT was decided in a
meeting at the Perimeter Institute in Canada and included 13 stake-
holder institutes from Asia, Europe, and the Americas, all bringing in
significant institutional resources and forming an initial board. The
EHT indeed became a comprehensive collaboration with the ambition
to cover all aspects: providing hardware, operating an array, calibrat-
ing and imaging data, analysis, and interpretation. This would later
be reflected in the fact that the EHT eventually published more than
just a single image, namely a comprehensive series of extensive papers

covering all these aspects.

o https://www.eso.org/public/products/books/book_0028/

i Interestingly, Makoto’%71 also talked of an array called Event Horizon Telescope, but those
conference proceedings were no longer on our minds 5 years later and | had completely for-
gotten them until | was interviewed by a historian of science from the Max-Planck-Institut fir
Wissenschaftsgeschichte (MPIWG) in Berlin.
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FIGURE 8 Some of the telescopes and parts of their crews that were involved in the 2017 observing campaign of the EHT.

The final Memorandum of Understanding (MoU) was only signed in
2017 after additional 50 interim board meetings, actually well after we
had conducted our first full-scale groundbreaking experiment! How-
ever, we operated under the emerging MoU already from 2016 onward.
Shep Doeleman became project director, | chaired the science council.
Working groups were installed and a managing team was put together.
The EHT leadership was from different regions of the world, but not
as diverse as one might want. The consortium was young and had to
find its way. Procedures and policies had still to evolve. The entire pro-
cess reminded me of ancient nation-building, where different tribes
come together to form nations with an emerging legal and political
system—fortunately, it progressed less bloody than in the old days, but
not without stress and anxiety.

FEELING LUCKY

In foresight and hindsight, the entire process seemed straightforward
and unavoidable to me, but in between, it was hard fought and debated
throughout. Luckily, enthusiasm carried us through and there was also
the necessary luck.

In 2017, we carried out our first large-scale attempt at an exper-
iment with eight telescopes on six different high sites (Figure 8).
The crews were mixed from different institutes. Our group had
sent personnel to all mountains, except the South Pole,* and met
there scientists and observers from other stakeholder groups in the
EHT.

# Which was equipped in a heroic effort by the University of Arizona and staffed by
“winterovers.”

| still remember looking at the marvelous blue sky at the IRAM 30 m
telescope at Pico Veleta, all the stories of weathered-out observations
in the back of my mind. Millimeter waves are absorbed by water vapor
in the atmosphere and you do not want to have a cloudy sky in between
you and the universe. Amazingly, the weather was excellent around
the globe during most of the 10-day observing run and also all the
equipment worked.

Fortunately, also the universe cooperated. A few years earlier, one
group’? claimed that the black hole in M87 was actually three times
larger than thought in the 1990s. That too would make it resolvable
by the EHT, but another group disagreed.”* We did not really know for
sure what was right until we saw our data in May 2018. This was not
an image, but first calibrated visibilities. | will never forget the moment
when my PhD student Sara Issaoun showed it to me “hot off the press.”
It was shouting at us: There are two black holes, where you can see a
shadow!

That changed our plans. Rather than grappling with the variable,
scatter-broadened image of Sgr A*, we were able to develop and exer-
cise all our procedures on a more stable source that was repeatedly
and consistently observed over 4 days.1%¢ M87* is intrinsically 1500
times larger than Sgr A* and hence it takes 1500 times longer for gas to
rotate around it—12 days rather than 12 min, even at the speed of light.
Twenty-five years of planning suddenly changed within a few weeks.

Repeatability and duplication became a guiding principle in the
analysis. Every step in the analysis was done by at least two inde-
pendent groups, using independent software. This principle too took
a while to emerge. A useful warning sign was the publication of the
BICEP2 results a few years earlier. The experiment published highly
celebrated ground-breaking results that had to be withdrawn within a

year because of a single insufficient step in the data analysis.
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However, an equally important factor was the natural competition
inthe end. Evenin a collaboration that publishes with an alphabetically
sorted author list, everybody wants to show that their algorithm is as
good or even better than the other. It is also a question of indepen-
dence. Within our BlackHoleCam project, we had the ambition to be
able to conduct all aspects of the data analysis independently ourselves
or in collaboration with other European groups. Similar dynamics
evolved in other regions represented within the EHT.

In a way, this competitive collaboration principle was even reflected
how the first results were presented: not in one central press con-
ference, but in parallel ones in Brussels, Washington, Tokyo, Taipei,
Santiago de Chile, and in additional satellite events. As a consequence,
the release of the first set of papers and images became a truly global
event. For me, Brussels was a natural choice to recognize the contri-
butions of the European taxpayer. It was an enormous privilege that
| could present the image to the public after all these years, but it
was also a liberation after the intense months of collaborative work in
secrecy. To me, this was the moment when the image became reality. It
did not belong just to us anymore but became global property. We had
taken the image with the world, we gave it back to the world, and the
world embraced it like none of us ever expected. More than four billion
people were exposed to the image in the end.”> Of course, a large frac-
tion of those people probably forgot it also within a few weeks. Still, the
impact on the public was huge and scientists around the world watched
the various press conferences live.

The competitive collaboration principle worked very well in the end
if one looks at the final results. No other interferometric data set has
ever been vetted so extensively by such a large and dedicated group
of experts. It also has been reproduced by a number of groups in the
meantime3376-7? as well as by the EHT itself.80 However, competi-
tive collaboration can also be exhausting and stressful. This requires
proper management and policies, but those were just emerging during
the process.

When the polarization data of M87* revealing the event horizon
scale magnetic field structure,?° and finally also the image of Sgr A*8!
were released, we already had a better sense of how the process would
work, and in the running up, we tried to lower the pressure by tak-
ing more time before we published. It still was stressful. However, the
result is something we can all be proud of. Behind the press release and
the image, was an entire book of scientific literature that defined an
entirely new level of black hole science, opening many new avenues of

research.

PHYSICS OR ASTROPHYSICS?

One question still asked sometimes is: how much is this image really a
test of GR, that is, a measure of “true physics” rather than a result of

arbitrary astrophysics? How reliable are the conclusions?

555 One paper claims to not reproduce the ring, but the EHT collaboration found the analysis
to be fundamentally flawed (see https://eventhorizontelescope.org/blog/imaging-reanalyses-
eht-data).
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FIGURE 9 Inferred shadow size of the supermassive black holes
Sgr A* and M87* as measured by the Event Horizon Telescope and the
shadow sizes inferred from two gravitational wave sources (here
labeled GW1+2) measured by Ligo/Virgo as derived in Psaltis et al.8?
This is a variant of a figure presented in Event Horizon Telescope
Collaboration.>®

First of all, astrophysics has become a key pillar of today’s physics.
If you want to derive extreme physics from the extremes of the cos-
mos, you need to understand extreme astrophysics. Understanding the
astrophysics surrounding black holes is equally fundamental as under-
standing the inside of the atomic nucleus or the nature of quantum
interactions.

Second, the shadow is a fundamental property of a black hole in the
Kerr metric and it does not depend much on the astrophysical model
if you are in the regime of transparent extended emission. Its size is
accurately predicted by GR and scales linearly with mass. This is a very
unusual property for any macroscopic object. In objects made out of
normal matter, the mass would scale with the volume, that is, with the
third power of the radius and not linearly. This difference in scaling we
can now test with the EHT alone over three orders of magnitude.>?

However, we can go even further than that. Given that gravitational
waves are also subject to gravitational optics, one can show that the
gravitational wave signals measured by Ligo/Virgo of stellar-mass black
holes are emitted in the same region as the EHT radio emission and are
probing the same components of the spacetime metric with roughly the
same error bar of ~20%.82 This allows one to confirm the scale invari-
ance of GR over eight orders of magnitude very accurately, where the
error bars become almost irrelevant Figure 9.

Third, astrophysical theory is not arbitrary. We have exquisite mod-
els these days. Already for some time, numerical simulations have
become a tool of their own, bridging pure theory and experimental
physics. From the design of airplane engines to the prediction of climate
change and the simulation of black holes, numerical simulations help us
to study, predict, and observe nature. The astrophysical jet formation,
for example, was long considered a mystery. Today, jets form naturally
in our simulations.®3

Here, the EHT has brought the astrophysical study of black holes to
a new level. For the first time in this field, theorists have cooperated

84,85

on a large scale, checked their codes against each other, agreed

on common procedures, explored a wide range of parameters together
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in massive simulation efforts, and compared it to the actual data. That,
together with a large multiwavelength campaign,®¢ narrowed down the
parameter range of possible models significantly. Simulation software
and supercomputer time have now become equally valuable resources
as telescopes or data analysis software.

Like in particle physics, the EHT also has developed a complete
end-to-end simulation pipeline that starts at detailed black hole
simulations®* to predict the physics, followed by advanced detector
simulations,®” which capture most uncertainties in the measurement

process, and dedicated parameter extraction methods.82

BLACK HOLES ARE SIMPLE

One other important realization is that we are in a regime of the theory
that can actually be tackled in a reasonable way. In fact, simulating a
black hole is in principle easier than simulating our sun. Of course, we
still have much less detailed information about black holes than about
the sun, hence, there is less data to explain, but in principle, this should
be true, since black holes are described by much fewer parameters.

For example, our early jet model calculations could be done on a
piece of paper using some very basic arguments, like energy and mass
conservation, assuming an isothermal, supersonic, magnetically dom-
inated turbulent outflow, which was launched near the black hole.
Surprisingly, if we take today the most advanced supercomputer mod-
els of magnetized plasma flows around black holes, they show very
similar scaling behaviors.8%79 The best fitting model found by a wide
exploration of these models by the EHT collaboration?! matches pretty
much the pen-on-paper calculations | did for my PhD two decades ear-
lier. It is surprising that we can explain such a wide variety of properties
with models that start from first principles.

Another important aspect of our understanding of these starv-
ing supermassive black holes came from the study of their accretion
flows.?2 The key point here is that at low inflow rates, accretion disks
cannot radiate all the locally dissipated energy from the inflow away.
Protons are more massive than electrons, so carry most of the kinetic
and thermal energy of the flow, while the lighter electrons can wig-
gle faster and produce radiation more easily. The plasma is so tenuous
that protons and electrons hardly interact via electrostatic (Coulomb)
forces, hence there is a disconnect between the two. Electrons cool
more rapidly via radiation and energy transfer from the bulk of the
plasma stored in the protons to electrons is inefficient. Therefore, elec-
trons could have a lower temperature keeping the heat in the protons.
Rather thanradiated away by the electrons, the energy is now advected
toward the black hole by the protons in an advection-dominated
accretion flow (ADAF).

The temperature of the plasma near the black hole is then roughly
given by the virial temperature T ~ 2 G M m,/kg Risco ~ 10%2 K for
Risco ~ 6 GM/c?, m, is the proton mass, kg is the Boltzmann constant,
and G is the gravitational constant. This is constant for black holes of
all masses, as the escape or virial speeds are all of order c in black
holes! The original ADAF model tried to explain the entire Sgr A* emis-

sion without a jet component, but underproduced low-frequency radio

Sciences @ |1

emission and hence demanded much higher accretion rates. Explain-
ing the entire radio spectrum with only the inflow requires extra
assumptions about a radial-dependent acceleration on nonthermal
particles.”s

A jet, on the other hand, naturally reproduced the flat-spectrum
radio emission. Here, one needs to assume that as the plasma
enters the jet, electron and proton temperatures come into balance

94.95 _potentially via magnetic fields, which should be dominant

again
in jets. Hence, the electrons can be hotter in the jet outflow, radiate
more efficiently than in the inflow, and dominate the overall radio emis-
sion, even though the jet is less dense than the accretion flow. This also
naturally explains why the radio cores observed by VLBI experiments
reach brightness temperatures of 101°-1012 K, which is close to the
virial temperature near the horizon.

The microphysics of the heating, however, still remains the biggest
uncertainty from a physics point of view: these processes happen at
small scales not captured by the simulations and hence need to be
treated phenomenologically. For this reason, the EHT explored a wide
range of models from disk- to jet-dominated emission.

At these high temperatures, plasma also becomes completely ion-
ized, which means that all the elements are largely dissolved into just
protons and electrons, giving the plasma itself a rather simple and
universal composition.

Finally, there are magnetic fields in the flow which will be amplified
via compression or other processes and can launch the jet outflow. This
field can, however, only reach a maximum level set by the accretion
rate. Beyond that level, accretion flows become magnetically dominant
and disrupt the accretion process.”® That maximum is set by the accre-
tion rate and the size of the black hole: yMc? ~ B2/47 x 47 Risco2, where
the first term sets the total energy scale times an efficiency factor. This
determines a rough scale for the magnetic field B o M"2/My,.5¢

The consequence of all of this is that despite the perception that
black holes are very exotic and complex, they are to first order rather
simple objects if they accrete matter at low rates. The black hole itself
has little personality, just mass and spin, and neither has the plasma,
which has a simple composition always moving with the same speed
and the same temperature near the inner edge of black holes. Also, the
emission process is rather fundamental: largely relativistic electrons
gyrating in the magnetic field. Most properties scale to first order with

mass and/or accretion rate.

CONNECTING THE SCALES

Putting this all together, one can arrive at some simple scaling laws for
the nonthermal emission spectrum of these underfed black holes. This

»97.98 which connects

has led to the “fundamental plane of black holes
the optically thick (typically radio) and optically thin part of the emis-
sion spectrum (somewhere from submm-waves to X-rays) for black
holes of very different masses and accretion rates, holding over at least
eight orders of magnitude (Figure 10). The turnover over point in the
spectrum is roughly the frequency, where the emission is generated

near the black hole and it scales as v, « M3 My, =1 (Figure 11).
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FIGURE 10 Radio and X-ray emission of low-power black holes,
where the X-ray flux is corrected for the different mass of the objects
following the basic scaling laws on the left.?” This connects black holes
of very different masses and accretion rates. For Sgr A*, the flare and
quiescent X-ray flux is shown. Without the mass correction, stellar and
supermassive black hole would not fall on the same line.
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FIGURE 11 Simplified radio-to-X-ray spectrum of the
synchrotron component of the radio jet emission in supermassive (left,
solid line) and of stellar-mass black holes (left, dashed line). The radio
flux, F,,, is proportional to the frequency v with a flat power law (a, ~ 0)
in the opaque part and a steeper power-law a, ~ —0.7 in the
transparent part. The turnover frequency, where the spectrum
changes and which marks emission close to the black hole, scales as v;
o M2/3 My, L.

Hence, which frequency one needs to choose to observe a black hole
also depends on its mass and accretion rate. The two black holes that
the EHT has imaged, M87* and Sgr A*, differ by a factor of 1500 in mass
and ~100,000 in accretion rate. However, since 100,000%/3 ~ 2000, the
scaling conspires such that both can be observed more or less at the
same frequency. This is basic physics as much as it is total coincidence
and luck again.

Also, the fact that M87* is 1500 times larger, but also 2000 times
further away than Sgr A% giving both objects roughly the same angu-
lar size in the sky, is a complete coincidence. This makes it possible
to observe both with the same experiment at the same frequency
and verify the basic findings with two independent and very different
objects.

A counterexample is the supermassive black hole in the radio galaxy

Centaurus A, which was also observed by the EHT.%? Its black hole is

too small to be resolved and one would need THz frequencies to see
it. Indeed, rather than a ring, the EHT saw a pair of scissors, that is, the
edges of the jet further out—which is interesting in its own right.

To see the black hole in Cen A, one would need to go into
space. Stellar-mass black holes, on the other hand, would need an X-
ray interferometer in space,'%° since they are even smaller and the
characteristic emission frequency is much higher.

Still, it is important to realize, that while the EHT has only imaged
two black holes, our models already cover a wide range of astrophysical
parameters. Given that the physics scales well—at least to first order,
we can use the knowledge we gather from these two sources to under-
stand a rather wide range of black hole systems in the universe—we do
not need to image every black hole in the universe to understand them
all! In fact, when we developed our models of Sgr A* in the early 1990s,
we always had an eye on the fact that whatever we did should not be
particular to one source, but should have the potential to apply to all.
That guided us in the proper direction in the end.

The scaling laws include stellar-mass black holes, whose properties
can be compared well to their supermassive counterparts. They also
allow us to study long-term temporal evolutions in a human lifetime,
which is inaccessible in individual supermassive black holes as it would
take millions of years there. These stellar-mass black holes also show
the limitations of this approach: once one goes to the highest accre-
tion rates and the brightest sources, the accretion flow becomes much
more complex and unstable, they may become opaque, and jet forma-
tion can be quenched.’? This more complex behavior at the bright end
of the black hole luminosity function is potentially caused by radiation
pressure and opacity effects, which are much more difficult, but not
impossible, to compute in the long run.

So, the irony of this story is that the first black holes that were
discovered and which were the target of many theoretical and obser-
vational investigations over the past decades are also the most difficult
to understand, while the unspectacular fainter ones may hold the true
key to understanding black hole physics.

SOME CONCLUSIONS

We have witnessed an extraordinary period over the past 3 years. For
the first time, we have seen images of black holes. There are only two
objects, but they are representatives of very different types of galax-
ies and astrophysical conditions. We can now safely assume that the
centers of galaxies do host supermassive black holes—from the first
quasars to ordinary run-of-the-mill galaxies like our own.

The black hole images generally match earlier predictions made
within the framework of black holes in GR remarkably well. This con-
firms that the shadow is indeed a characteristic and robust signature of
these objects.

For the foreseeable future, Sgr A* and M87* will also be the last
black holes we see—all the others are too small or too far away.
However, in contrast to gravitational wave emitting black hole merg-
ers, these black holes will stay around. We can observe them with

ever better techniques and at all possible wavelengths. With the EHT,
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we can also study their temporal behaviors, maybe make a movie
of their dynamics, and ever refine our models that can be tested
against observational data. This is what you expect from a good physics
experiment!

In the future, we can turn toward space interferometry missions to
image many more black holes and at much higher resolution and image
quality.192103 This can bring at least another order of magnitude or
more improvements in the measured shadow size and rule out a much
larger range of parameter space of alternative models. We can also
understand black hole astrophysics in detail, for example, fully under-
stand jet launching, measure black hole spin much more precisely, and
verify such effects as spin energy extraction from black holes through
magnetic fields, via the Blandford-Znajek%* effect.

Looking back at the past 25 years, it was a great privilege to witness
how all of this unfolded. Getting to this point took an enormous effort
by many scientists. Not one person alone, not one institute alone, not
one country alone could have realized this vision in the end. Seeing how
this collaboration emerged was almost as interesting as seeing how the
science evolved.

It was a joy to see the scientific process unfold. Sometimes, physics
can be amazingly simple and can make decent predictions. It is always
an almost magical experience when predictions actually come true.

However, science is also a sociological process, which could have
gone wrong at many turns. Here too, it helps to keep the bigger pic-
ture in mind and make sure that big science problems are addressed
in a big way. Insisting on scientific rigor is an important principle. It
also helps to build competitive aspects into a collaboration. This com-
petition needs rules, policies, and mediators to keep the pressure at a
manageable level. You cannot develop this overnight.

Also, a proper reward system needs to be in place that recognizes
those who do pioneering work, as well as those who bring the work
to fruition. In fact, seeing your own PhD student presenting major sci-
ence results at a press conference can feel as rewarding as presenting
it yourself. Having a sophisticated system of authorship rules that dis-
tinguishes alphabetic ordering of big collaboration papers from papers
that are led by a small group for the collaboration or from method
papers that are published by a smaller set of scientists is a useful tool.
Not everything needs to be alphabetic, individual contributions should
be recognized.

Finally, science needs money. A good idea is not enough. On the road
toward discovery, you need real estate and resources: telescopes and
instruments, supercomputers, software, and people. From my Euro-
pean perspective, the ERC is really exceptional here. This is a very
competitive funding program setup by scientists for scientists, which is
strictly bottom-up, without any political interference or steering. Only
excellence counts and bureaucracy is kept at a minimum (though it has
been growing in recent years). It is the scientists who are entrusted
with the success of their projects. They are relatively free to allocate
their resources where they are actually needed. This strategy really
pays off.

Of course, we also profit from the diverse and relatively stable set of
institutional funding available in Europe and elsewhere. It is the right

combination of competitive and institutional funding that makes a sys-

tem work. Where exactly that balance is, remains a hot topic of current
debate.

Scientifically, we have entered a new epoch of fundamental physics
research. Thanks to gravitational wave experiments, EHT, ESO’s near-
infrared interferometer Gravity, but also pulsar observations we are
now entering an era of experimental spacetime physics. Finally, we can
test physics predictions that seemed impossible when they were first
calculated. We have not found a new theory of gravity yet, but we have
learned more about the physics in a world, where spacetime is torn
and twisted, unlike anything we can ever create here on earth. This
has also led to an avalanche of new tests of GR and new ideas that
are being explored. We are now standing on solid ground when we use
GR in the most extreme circumstances. Maybe it is time to dare taking
one step further and try to come up with a new theory that goes fur-
ther than just Einstein. At least, we are now able to rule some of them
out.

In the end, experiments not only measure, but also inspire. Hence, |
hope that experiments like the EHT will not only test old ideas but also
create room to grow new ones. Maybe the next Einstein is a little kid in
Africa who was inspired to go into science because she saw an actual
image of a black hole and wanted to know what lies beyond. Even in

science, dreams can sometimes become true.

CONFLICT OF INTERESTS
H. Falcke is the author of the manuscript, a member of the Advisory
Board, and was not involved in the handling of the peer-review process

of this submission.

AUTHOR CONTRIBUTIONS
Heino Falcke- Conceptualization, Writing-Original Draft; Writing-
Review & Editing.

ETHICS STATEMENT
The authors confirm that they have followed the ethical policies of the

journal.

DATA AVAILABILITY STATEMENT
All data used are available via the original publications quoted here.

ORCID

Heino Falcke = https://orcid.org/0000-0002-2526-6724

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/ntls.20220031

REFERENCES

1. Falcke H, Rémer J. Light in the Darkness: Black Holes, The Universe and
Us. Hachette/Harper One; 2021.

2. Schwarzschild K. Uber das Gravitationsfeld eines Massenpunk-
tes nach der Einsteinschen Theorie. Berlin: Sitzungsberichte Der
Koniglich PreuBischen Akademie Der Wissenschaften; 1916.

3. Herdeiro CAR, Lemos JPS. The black hole fifty years after: genesis of
the name. 2018. ArXiv E-Prints, November, arXiv:1811.06587.

95UB017 SUOWIWOD 881D 3(dedt|dde au Aq peusenob ae sooiLe VO ‘88N JO S9N 10j ARIq1T 8UIUO A8]IA UO (SUOTHPUOD-PUE-SLUIB) LD A8 | 1M ARed 1[BUlUO//SANY) SUONIPUOD Pue Swis 1 81 88S *[£202/90/7T] Uo Ariqiauluo A8 |im ‘Auewses aueiyooD Aq TE00Z2Z0Z S U/Z00T OT/I0p/W00" A8 i Aleiq1ul|uoy/sdny Wwolj papeoumod ‘v ‘220z ‘8v298692


https://orcid.org/0000-0002-2526-6724
https://orcid.org/0000-0002-2526-6724
https://publons.com/publon/10.1002/ntls.20220031
https://publons.com/publon/10.1002/ntls.20220031

. Natural
taotts | Sciences

. Einstein A. On a stationary system with spherical symmetry consist-

11.

12.

13.
14.
15.
16.
17.
18.

19.

20.
21.
22.

23.
24.

25.

26.

27.
28.

29.
30.

31

THE ROAD TOWARD IMAGING A BLACK HOLE

ing of many gravitating masses. Ann Math. 1939;40:922.

. Oppenheimer JR, Snyder H. On continued gravitational contraction.

Phys Rev. 1939;56(5):455-459.

. Penrose R. Gravitational collapse and space-time singularities. Phys

Rev Lett. 1965;14(January):57-59.

. Hewish A, Bell SJ, Pilkington JDH, Scott PF, Collins RA. Observation

of a rapidly pulsating radio source. Nature. 1968;217(February):709-
713.

. Webster BL, Murdin P. Cygnus X-1-a spectroscopic binary with a

heavy companion ? Nature. 1972;235(January):37-38.

. Hazard C, Mackey MB, Shimmins AJ. Nature. 1963;197:1037.
10.

Schmidt M. 3C 273: a star-like object with large red-shift. Nature.
1963;197:1040-1040.

Lynden-Bell D. Galactic nuclei as collapsed old quasars. Nature.
1969;223(August):690-694.

Lynden-Bell D, Pringle JE. The evolution of viscous discs and
the origin of the nebular variables. Mon Not R Astron Soc.
1974;168(September):603-637.

Shakura NI, Sunyaev RA. Black holes in binary systems. Observa-
tional appearance. Astron Astrophys. 1973;24:337-355.

Cunningham CT, Bardeen JM. The optical appearance of a star
orbiting an extreme Kerr black hole. Astrophys J. 1973;183:237-264.
von Weizsacker CF. Die rotation Kosmischer Gasmassen. Zeitschrift f
Naturf. 1948;3a(September):524.

Luminet J-P. Image of a spherical black hole with thin accretion disk.
Astron Astrophys. 1979;75(May):228-235.

Gasperin F, Orru E, Murgia M, et al. M 87 at metre wavelengths: the
LOFAR picture. Astron Astrophys. 2012;547(November):A56.
Blandford R, Meier D, Readhead A. Relativistic jets from active
galactic nuclei. Ann Rev Astron Astrophys. 2019;57(August):467-509.
IceCube Collaboration, Aartsen MG, Ackermann M, Adams J,
et al. Multimessenger observations of a flaring blazar coin-
cident with high-energy neutrino IlceCube-170922A. Science.
2018;361(6398):eaat1378.

Fabian AC. Observational evidence of active galactic nuclei feedback.
Ann Rev Astron Astrophys. 2012;50(September):455-489.
Vogelsberger M, Marinacci F, Torrey P, Puchwein E. Cosmological
simulations of galaxy formation. Nat Rev Phys. 2020;2(1):42-66.
Lynden-Bell D, Rees MJ. On quasars, dust and the galactic centre.
Mon Not R Astron Soc. 1971;152:461.

Kormendy J, Richstone D. Inward bound—the search for super-
massive black holes in galactic nuclei. Ann Rev Astron Astrophys.
1995;33:581.

Genzel R, Townes CH. Physical conditions, dynamics, and mass dis-
tribution in the center of the galaxy. Ann Rev Astron Astrophys.
1987,25:377-423.

Balick B, Brown RL. Intense sub-arcsecond structure in the Galactic
Center. Astrophys J. 1974;194(December):265-270.

Ekers RD, Goss WM, Schwarz UJ, Downes D, Rogstad DH.
A full synthesis map of SGR A at 5 GHz. Astron Astrophys.
1975;43(October):159-166.

Goss WM, Brown RL, Lo KY. The discovery of Sgr A*. Astron
Nachrichten Suppl. 2003;324(1):497-504.

Heywood |, Rammala I, Camilo F, et al. The 1.28 GHz MeerKAT
Galactic Center mosaic. Astrophys J. 2022;925(2):165.

van Langevelde HJ, Frail DA, Cordes JM, Diamond PJ. Interstel-
lar scattering toward the Galactic Center as probed OH/IR stars.
Astrophys J. 1992;396(September):686-695.

Lo KY, Backer DC, Kellermann KIl, et al. High-resolution VLBA
imaging of the radio source SGR A* at the galactic centre. Nature.
1993;362(March):38-40.

Bower GC, Deller A, Demorest P, et al. The angular broadening of
the Galactic Center pulsar SGR J1745-29: a new constraint on the
scattering medium. Astrophys J Lett. 2014;780(September):L2.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

ZylkaR, Mezger PG, Lesch H. Anatomy of the Sagittarius A complex. II
- 1300 micron and 870 micron continuum observations of SGR A* and
its submm/IR spectrum. Astron Astrophys. 1992;261(July):119-129.
Krichbaum TP, Zensus JA, Witzel A, et al. First 43-GHZ VLBI detec-
tion of the compact source SAGITTARIUS-A* in the Galactic Center.
Astron Astrophys. 1993;274(July):L37.

Eckart A, Genzel R, Hofmann R, Sams BJ, Tacconi-Garman LE. Near-
infrared 0.15 arcsec resolution imaging of the Galactic Center.
Astrophys J Lett. 1993;407(April):L77-L80.

Falcke H, Biermann PL, Duschl WJ, Mezger PG. A rotating black
hole in the Galactic Center. Astron Astrophys. 1993;270(March):102-
106.

Falcke H, Biermann PL. The jet-disk symbiosis. |. Radio to X-ray emis-
sion models for quasars. Astron Astrophys. 1995;293(January):665-
682.

Blandford RD, Konigl A. Relativistic jets as compact radio sources.
Astrophys J. 1979;232(August):34-48.

Falcke H, Mannheim K, Biermann PL. The Galactic Center radio jet.
Astron Astrophys. 1993;278(October):L1-L4.

Nagar NM, Falcke H, Wilson AS. Radio sources in low-luminosity
active galactic nuclei. IV. Radio luminosity function, importance of jet
power, and radio properties of the complete palomar sample. Astron
Astrophys. 2005;435(May):521-543.

Ford HC, Harms RJ, Tsvetanov ZI, et al. Narrowband HST images of
M87: evidence for a disk of ionized gas around a massive black hole.
Astrophys J Lett. 1994;435(November):L27-L30.

Bardeen JM. Timelike and null geodesics in the Kerr metric. In:
DeWitt C, DeWitt BS, eds. Black Holes. Gordon & Breach; 1973:215-
239.

Bronzwaer T, Falcke H. The nature of black hole shadows. Astrophys
J.2021;920(2):155.

von Laue M. Die Relativitdtstheorie. Vol. 1. Das Relativitatsprinzip
der Lorentztransformation-Vol. 2. Die allgemeine Relativitatstheorie
und Einsteins Lehre von der Schwerkraft. Braunschweig: Friedrich
Vieweg & Sohn; 1921.

Sauer U, Majer T. David Hilbert’s Lectures on the Foundation of Physics
1915-1927.Springer Verlag; 2009.

Falcke H, Melia F, Agol E. The shadow of the black hole at the
Galactic Center. In: Holt SS, Zhang WW, eds. Cosmic Explosions, 10th
Astrophysics Conference, Vol. 522. Melville, NY: AIP; 2000:317.

Falcke H, Melia F, Agol E. Viewing the shadow of the black hole at the
Galactic Center. Astrophys J Lett. 2000;528(January):L13-L16.
Narayan R, Johnson MD, Gammie CF. The shadow of a spherically
accreting black hole. Astrophys J Lett. 2019;885(2):L33.

Vries A. The apparent shape of a rotating charged black hole,
closed photon orbits and the bifurcation set A4. Class Quantum Grav.
2000;17(January):123.

Kamruddin AB, Dexter J. A geometric crescent model for black hole
images. Mon Not R Astron Soc. 2013;434(September):765-771.
Falcke H. The silent majority - jets and radio cores from low-
luminosity black holes. Rev Mod Astron. 2001;14:15.

Psaltis D, Ozel F, Chan C-K, Marrone DP. A general relativistic
null hypothesis test with event horizon telescope observations of
the black hole shadow in Sgr A*. Astrophys J. 2015;814(December):
115.

Event Horizon Telescope Collaboration. First Sagittarius A* event
horizon telescope results. IV. Variability, morphology, and black hole
mass. Astrophys J Lett. 2022;930(2):L15.

Event Horizon Telescope Collaboration. First Sagittarius A* event
horizon telescope results. VI. Testing the black hole metric. Astrophys
J Lett. 2022;930(2):L17.

Falcke H, Goss WM, Matsuo H, Teuben P, Zhao J-H, Zylka R. The
simultaneous spectrum of Sagittarius A * from 20 centimeters to
1 millimeter and the nature of the millimeter excess. Astrophys J.
1998;499(May):731.

95UB017 SUOWIWOD 881D 3(dedt|dde au Aq peusenob ae sooiLe VO ‘88N JO S9N 10j ARIq1T 8UIUO A8]IA UO (SUOTHPUOD-PUE-SLUIB) LD A8 | 1M ARed 1[BUlUO//SANY) SUONIPUOD Pue Swis 1 81 88S *[£202/90/7T] Uo Ariqiauluo A8 |im ‘Auewses aueiyooD Aq TE00Z2Z0Z S U/Z00T OT/I0p/W00" A8 i Aleiq1ul|uoy/sdny Wwolj papeoumod ‘v ‘220z ‘8v298692



NATURAL SCIENCES

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Krichbaum TP, Graham DA, Witzel A, et al. VLBI observations of
the Galactic Center source SGR A* at 86 GHz and 215 GHz. Astron
Astrophys. 1998;335(July):L106-L110.

Doeleman SS, Shen Z-Q, Rogers AEE, et al. Structure of Sagittarius A*
at 86 GHZ using VLBI closure quantities. Astron J. 2001;121:2610-
2617.

Bower GC, Falcke H, Herrnstein RM, Zhao J-H, Goss WM, Backer
DC. Detection of the intrinsic size of Sagittarius A* through closure
amplitude imaging. Science. 2004;304(5671):704-708.

Falcke H, Markoff SB. Toward the event horizon-the super-
massive black hole in the Galactic Center. Class Quant Grav.
2013;30(24):244003.

Issaoun S, Johnson MD, Blackburn L, et al. Persistent non-Gaussian
structure in the image of Sagittarius A* at 86 GHz. Astrophys J.
2021;915(2):99.

Issaoun S, Johnson MD, Blackburn L, et al. The size, shape, and scat-
tering of Sagittarius A* at 86 GHz: first VLBI with ALMA. Astrophys J.
2019;871(1):30.

Shaver PA. Prospects with ALMA. In: Bender R, Renzini A, eds.
The Mass of Galaxies at Low and High Redshift. ESO ASTROPHYSICS
SYMPOSIA, Springer-Verlag. 2003:357.

Matthews LD, Crew GB, Doeleman SS, et al. The ALMA phas-
ing system: a beamforming capability for ultra-high-resolution
science at (sub)millimeter wavelengths. Proc Astron Soc Pac.
2018;130(1):015002.

Zensus JA, Falcke H. Can VLBI constrain the size and structure of SGR
A*? In Falcke H, Cotera A, Duschl WJ, Melia F, Rieke MJ, eds. The Cen-
tral Parsecs of the Galaxy. San Francisco, CA: Astronomical Society of
the Pacific; 1999;186:118.

Doeleman SS, Weintroub J, Rogers AEE, et al. Event-horizon-scale
structure in the supermassive black hole candidate at the galactic
centre. Nature. 2008;455(September):78-80.

Ghez AM, Salim S, Hornstein SD, et al. Stellar orbits around the
Galactic Center black hole. Astrophys J. 2005;620(February):744-
757.

Schodel R, Ott T, Genzel R, et al. A star in a 15.2-year orbit around
the supermassive black hole at the centre of the milky way. Nature.
2002;419(October):694-696.

Doeleman S, Agol E, Backer D, et al. Imaging an event horizon:
submm-VLBI of a super massive black hole. Astro2010: The Astronomy
and Astrophysics Decadal Survey. 2009.

Falcke H, Laing R, Testi L, Zensus A. Report on the ESO workshop
“mm-wave VLBI with ALMA and radio telescopes around the World”.
Messenger. 2012;149(September):50-53.

Tilanus RPJ, Krichbaum TP, Zensus JA, et al. Future MmVLBI research
with ALMA: a European vision. arXiv:1406.4650. 2014.

Miyoshi M, Kameno S, Falcke H. A proposal for constructing a new
VLBI array, horizon telescope. In: Ikeuchi S, Hearnshaw J, Hanawa
T, eds. The Proceedings of the IAU 8th Asian-Pacific Regional Meet-
ing, Volume 1. Astronomical Society of the Pacific Conference Series;
2003;289:33-36.

Miyoshi M, Kameno S. A proposal for constructing a new Sub-Mm
VLBI array, horizon telescope imaging black hole vicinity. In: Vanden-
berg NR, Baver KD, eds. International VLBI Service for Geodesy and
Astrometry: General Meeting Proceedings. 2002:199.

Goddi C, Falcke H, Kramer M, et al. BlackHoleCam: fundamental
physics of the Galactic Center. Int J Mod Phys D. 2017;26:1730001-
239.

Gebhardt K, Thomas J. The black hole mass, stellar mass-to-light
ratio, and dark halo in M87. Astrophys J. 2009;700(August):1690-
1701.

Walsh JL, Barth AJ, Ho LC, Sarzi M. The M87 black hole mass
from gas-dynamical models of space telescope imaging spectrograph
observations. Astrophys J. 2013;770(June):86.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

Sciences @ |

Christensen LL, Balokovi¢ M, Chou M-Y, et al. An unprecedented
global communications campaign for the event horizon telescope
first black hole image. Commun Astron Public J. 2019;26:11.

Arras P, Frank P, Haim P, et al. Variable structures in M87* from
space, time and frequency resolved interferometry. Nat Astron.
2022;6(January):259-269.

Carilli CL, Thyagarajan N. Hybrid mapping of the black hole shadow
in M87. Astrophys J. 2022;924(2):125.

Lockhart W, Gralla SE. How narrow is the M87* ring? |. The choice of
closure likelihood function. Mon Not R Astron Soc. 2022;509(3):3643-
3659.

Patel R, Roachell B, Caino-Lores S, et al. Reproducibility of the first
image of a black hole in the galaxy M87 from the event horizon
telescope (EHT) collaboration. arXiv:2205.10267.2022.

Event Horizon Telescope Collaboration. First M87 event horizon
telescope results. VII. Polarization of the ring. Astrophys J Lett.
2021;910(1):L12.

Event Horizon Telescope Collaboration. First Sagittarius A* event
horizon telescope results. |. The shadow of the supermassive black
hole in the center of the milky way. Astrophys J Lett. 2022;930(2):L12.
Psaltis D, Talbot C, Payne E, Mandel I. Probing the black hole met-
ric: black hole shadows and binary black-hole inspirals. Phys Rev D.
2021;103(10):104036.

McKinney JC, Gammie CF. A measurement of the electromagnetic
luminosity of a Kerr black hole. Astrophys J. 2004;611(August):977-
995.

Event Horizon Telescope Collaboration, Akiyama K, Alberdi A, Alef
W, et al. First M87 event horizon telescope results. V. Physical origin
of the asymmetric ring. Astrophys J Lett. 2019;875(April):L5.

Gold R, Broderick A, Younsi Z, et al. Validation of radiative transfer
schemes within the EHT. Astrophys J. 2019;897:148.

EHT MWL Science Working Group, Algaba JC, Anczarski J, Asada
K, et al. Broadband multi-wavelength properties of m87 dur-
ing the 2017 event horizon telescope campaign. Astrophys J Lett.
2021;911(1):L11.

Roelofs F, Janssen M, Natarajan I, et al. SYMBA: an end-to-end VLBI
synthetic data generation pipeline. Simulating event horizon tele-
scope observations of M 87. Astron Astrophys. 2020;636(April):A5.
Event Horizon Telescope Collaboration, Akiyama K, Alberdi A,
Alef W, et al. First M87 event horizon telescope results. VI.
The shadow and mass of the central black hole. Astrophys J Lett.
2019;875(April):L6.

Moscibrodzka M, Falcke H. Coupled jet-disk model for Sagittarius A*:
explaining the flat-spectrum radio core with GRMHD simulations of
jets. Astron Astrophys. 2013;559(November):L3.

Moscibrodzka M, Falcke H, Noble S. Scale-invariant radio jets and
varying black hole spin. Astron Astrophys. 2016;596(November):A13.
Event Horizon Telescope Collaboration. First Sagittarius A* event
horizon telescope results. V. Testing astrophysical models of the
Galactic Center black hole. Astrophys J Lett. 2022;930(2):L16.
Narayan R, Yi |, Mahadevan R. Explaining the spectrum of
Sagittarius A* with a model of an accreting black hole. Nature.
1995;374(April):623-625.

Ozel F, Psaltis D, Narayan R. Hybrid thermal-nonthermal
synchrotron emission from hot accretion flows. Astrophys J.
2000;541:234-249.

Moscibrodzka M, Falcke H, Shiokawa H. General relativistic magne-
tohydrodynamical simulations of the jet in M 87. Astron Astrophys.
2016;586(February):A38.

Yuan F, Markoff S, Falcke H. A jet-ADAF model for Sgr A*. Astron
Astrophys. 2002;383(March):854-863.

Tchekhovskoy A, Narayan R, McKinney JC. Efficient generation of jets
from magnetically arrested accretion on a rapidly spinning black hole.
Mon Not R Astron Soc. 2011(418):L79-L83.

95UB017 SUOWIWOD 881D 3(dedt|dde au Aq peusenob ae sooiLe VO ‘88N JO S9N 10j ARIq1T 8UIUO A8]IA UO (SUOTHPUOD-PUE-SLUIB) LD A8 | 1M ARed 1[BUlUO//SANY) SUONIPUOD Pue Swis 1 81 88S *[£202/90/7T] Uo Ariqiauluo A8 |im ‘Auewses aueiyooD Aq TE00Z2Z0Z S U/Z00T OT/I0p/W00" A8 i Aleiq1ul|uoy/sdny Wwolj papeoumod ‘v ‘220z ‘8v298692



. Natural
voite | gtances ©
97.

98.

99.
100.
101.
102.
103.

104.

THE ROAD TOWARD IMAGING A BLACK HOLE

Falcke H, Kérding E, Markoff S. A scheme to unify low-power accret-
ing black holes. Jet-dominated accretion flows and the radio/X-ray
correlation. Astron Astrophys. 2004;414(February):895-903.

Merloni A, Heinz S, Matteo T. A fundamental plane of black hole
activity. Mon Not R Astron Soc. 2003;345(4):1057-1076.

Janssen M, Falcke H, Kadler M, et al. Event horizon telescope obser-
vations of the jet launching and collimation in centaurus A. Nat Astron.
2021;5:1017-1028.

Cash W. X-ray interferometry. In Romney J, Reid M, eds. Future Direc-
tions in High Resolution Astronomy. Astronomical Society of the Pacific
Conference Series; 2005;340:633.

Fender RP, Belloni TM, Gallo E. Towards a unified model
for black hole X-ray binary jets. Mon Not R Astron Soc.
2004;355(December):1105-1118.

Palumbo DCM, Doeleman SS, Johnson MD, Bouman KL, Chael AA.
Metrics and motivations for earth-space VLBI: time-resolving Sgr A*
with the event horizon telescope. Astrophys J. 2019;881(1):62.
Roelofs F, Falcke H, Brinkerink C, et al. Simulations of imaging
the event horizon of Sagittarius A* from space. Astron Astrophys.
2019;625(May):A124.

Blandford RD, Znajek RL. Electromagnetic extraction of energy from
Kerr black holes. Mon Not R Astron Soc. 1977;179(May):433-456.

105. Agol E, Krolik JH. Magnetic stress at the marginally stable orbit:

altered disk structure, radiation, and black hole spin evolution.
Astrophys J. 2000;528(1):161-170.

106. Event Horizon Telescope Collaboration, Akiyama K, Alberdi A,

Alef W, et al. First M87 event horizon telescope results. I. The
shadow of the supermassive black hole. Astrophys J Lett. 2019;
875(April):L1.

107. Falcke H. SGR A* and its siblings in nearby galaxies. In Blitz L,

Teuben P, eds. The Galactic Center. Astronomical Society of the Pacific;
1996;102:453.

108. Falcke H. Compact radio cores in the Galactic Center and elsewhere.

In: Wickramasinghe DT, Bicknell GV, Ferrario L, eds. Accretion Phe-
nomena and Related Outflows; IAU Colloquium 163. ASP Conference
Series, Vol. 121.1997:647.

How to cite this article: Falcke H. The road toward imaging a
black hole: A personal perspective. Nat Sci.
2022;2:€20220031. https://doi.org/10.1002/ntls.20220031

95UB017 SUOWIWOD 881D 3(dedt|dde au Aq peusenob ae sooiLe VO ‘88N JO S9N 10j ARIq1T 8UIUO A8]IA UO (SUOTHPUOD-PUE-SLUIB) LD A8 | 1M ARed 1[BUlUO//SANY) SUONIPUOD Pue Swis 1 81 88S *[£202/90/7T] Uo Ariqiauluo A8 |im ‘Auewses aueiyooD Aq TE00Z2Z0Z S U/Z00T OT/I0p/W00" A8 i Aleiq1ul|uoy/sdny Wwolj papeoumod ‘v ‘220z ‘8v298692


https://doi.org/10.1002/ntls.20220031

	The road toward imaging a black hole: A personal perspective
	Abstract
	INTRODUCTION
	BLACK HOLES: FROM MATHEMATICAL CURIOSITY TO ASTROPHYSICAL PARADIGM
	IN THE FOCUS OF NEW TELESCOPES
	MODELING SGR A*-IF YOU KNOW ONE BLACK HOLE, YOU KNOW THEM ALL
	A NEW VISION
	CASTING A SHADOW
	PROBING THE WATERS-TESTING THE MODEL
	BUILDING MOMENTUM
	FEELING LUCKY
	PHYSICS OR ASTROPHYSICS?
	BLACK HOLES ARE SIMPLE
	CONNECTING THE SCALES
	SOME CONCLUSIONS
	CONFLICT OF INTERESTS
	AUTHOR CONTRIBUTIONS
	ETHICS STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


