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Abstract
In 2019, the Event Horizon Telescope Collaboration published six key papers that describe
the imaging of the supermassive black hole at the center of the M87 galaxy, hypothesised
to be a Kerr black hole. This challenging task is the most extreme application of the
Very Long Baseline Interferometry technique (VLBI) to date and represents the first direct
imaging of a black hole. Evaluating its image required both knowledge of the imaging
methods, as well as the understanding of astrophysical concepts such as accretion disks,
relativistic jets and General Relativity. In this report we first explain the structure of the
General Theory of Relativity and the properties of its black hole solutions, followed by a
discussion of the aforementioned astrophysical phenomena that effect its appearance. The
basic theory of VLBI and Aperture Synthesis is subsequently explained, and a simulation
is applied to a guitar image to illustrate these concepts. The technical details regarding the
EHT’s data collection process are highlighted and a description of the image reconstruction
process is given. The physical interpretation of the black hole image is discussed in the
context of General-Relativistic Magnetohydrodynamic simulations and finally, alternative
theories to the Kerr black hole are explored.
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Introduction

In the early part of April 2019, scientific history was made when the Event Horizon Telescope
(EHT) Collaboration released an image of the supermassive black hole at the centre of the M87
galaxy – the first time a black hole had been imaged in this way [1–6]. The now-famous picture
(Fig. 1), showing an other-worldly, glowing ring of fire was widely shared online and plastered
across the world’s news publications, capturing the imagination of anyone who laid eye upon
it.
The attention the EHT collaboration received was wholly justified; obtaining an image of a
stellar object of this nature is, by all means, an extraordinary and hugely complex task. As
Katie Bouman, one of the EHT Collaboration team leaders, said: “...[it’s equivalent] to taking
a picture of an orange on The Moon” [7]. The undertaking took years’ worth of work from a
team of hundreds of collaborators, working across multiple telescope and research sites around
the world. The details of how the EHT collaboration achieved this were set out in a series of
six, open-access papers . The aim of this report is to explain and highlight the most important
points of these papers, and to give the reader an understanding of their background.

Report layout
In this report we start with a discussion on the fundamental concepts of black holes, explaining
their origins within the framework of Einstein’s Theory of General Relativity in Section 2.
Next, we discuss the key astrophysics of black holes and the matter around them, and explain
what the key visual features are expected to look like in Section 3. Then we discuss the radio
astronomy methods that the EHT collaboration used to capture the image in Section 4. In
Section 5, we explain the data collection, management and processing techniques applied by
the EHT collaboration and analysed their approach to the reconstruction of the image shown
in Fig. 1. Finally, in Section 6, we examine the physical interpretation of the image, and
discuss whether the image actually represents a black hole and explore the validity of the Kerr
hypothesis of the black hole by presenting and assessing potential alternatives. Mathematical
pedantries have been placed in the ‘Mathematics Appendix’.

Background introduction to M87* and terminology
M87 is an elliptical galaxy that is 50,000,000 light years away [8]. The supermassive black
hole at its centre is similarly named M87*. It is widely believed that a supermassive black
hole resides at the center of most galaxies [1, p. 1]. For example, our galaxy’s Sagitarrius A*,
which is 25,000 light years away, is thought to be a supermassive black hole of 43 million solar
masses (M ) [8]. M87* is far heavier with a mass of approximately 6 · 109 M [8].
From these masses it is possible to calculate the radii of these black holes [1, p. 1]. The radius
of Sgr A* is only ∼ 0.085AU, whilst for M87* the radius is ∼ 130AU! AU is the so-called
‘Astronomical Unit’, a distance measure equal to the earth-sun distance (149.6 · 109 m [9]).
This means that although M87* is approximately 2000 times further away than Sagitarrius
A*, they are expected to have similar angular sizes: ∼ 8µas for M87*, whilst Sagitarrius A*
2

has an angular size of ∼ 12µas. For clarification, µas is a unit of angle, pronounced in full
as ‘microarcseconds’. This means that 1µas is 10−6 as. One arcsecond is one-sixtieth of an
arcminute, and one arcminute is one-sixtieth of an degree.
Naively, these similar angular sizes would mean that the EHT Collaboration could just as easily
have imaged Sgr A*. However, this is not possible. Sgr A* is much smaller, and as a consequence, it changes on much shorter timescales than M87*. A characteristic timescale can be
caclulated by comparing the size to the speed of light. This timescale is approximately 1 minute
for Sgr A*, whereas the characteristic timescale for M87* is ∼ 17 hours. Therefore, it is much
easier to image M87*, which is what the EHT Collaboration have done.

Figure 1: The image of M87* as observed by the EHT collaboration in 2017 [1, p. 5]

3

2

General Relativity and the Spacetime Structure around a
Black Hole

In this section we introduce fundamental concepts and ideas of general relativity, including
the weak and strong equivalence principle, the central relation of Einstein’s field equations,
geodesics and singularities. Involved mathematical concepts such as manifolds and curvature
are also briefly explained to facilitate the understanding of the field equations.
Next, we will show how these concepts led Einstein, along with many others, to infer the
existence of black holes. This will lead to concepts such as Gravitational Lensing, along with
various solutions to the vacuum field equation, namely the ‘Schwarzschild solution’, the ‘Kerr
solution’ and eventually the ‘Kerr-Newman’ solution, which permits electromagnetic fields.
We also cover how black holes are formed in nature, their further characteristics and permitted
parameters according to no-hair theorem will.

2.1

Fundamentals of General Relativity

General Relativity is a theory of spacetime and gravity formulated by Albert Einstein in 1915.
His seminal paper ‘The Field Equations of Gravitation’ [10] marked the commencement of a
new era in modern physics. Until then, space and time were considered to be independent.
In 1905, Einstein’s ‘Special Theory of Relativity’ challenged this concept, showing that time
and space are codependent. The 1915 paper additionally showed that spacetime should be
considered as a whole; this offers an explanation for gravitation. [10] also discerningly pointed
out that the spacetime is curved by the matter distribution and particles are expected to move
in the spacetime according to special relativity, locally.

Figure 2: The spacetime appears to be curved due to the earth. [11]

Einstein’s novel perspective on spacetime was motivated by the ‘equivalence principle‘, inspired by the set of well-known thought-experiments he designed. The fact that the inertial
mass that appears in the Newton’s Second Law and the gravitational mass are equal is actually non-trivial. This relation results in the weak equivalence principle (WEP), stating that all
objects experience the same acceleration in a gravitational field.
To arrive at the strong version of Equivalence Principle, imagine being inside an elevator floating in the space with no gravitational source in the vicinity. Assuming the observer is moving
uniformly in an inertial frame, a test object that is release is expected to float in the elevator. If
this elevator is in free fall motion towards some massive object, such as a black hole, the test
object would fall along with the observer and still appear to be floating again. Now we can
4

upgrade the game and accelerate the elevator by g = 9.8ms−2 . The test object being released
would fall to the floor and the observer inside is expected to feel as if they were on earth.

Figure 3: An elevator demonstrating the strong equivalence principle. [12]

From this, we draw two conclusions. Firstly, free falling in a gravitational field and the uniform
motion of one object without the presence of the gravitational field are equivalent as in Fig 3.
Secondly, the uniform motion in a gravitational field is equivalent to constant acceleration in the
opposite direction. The equivalence should be interpreted in the sense that no local experiment
is able to distinguish them. Important phenomena that spring from General Relativity, such
as light bending (discussed in Section 3) and gravitational redshift can all be derived from
the strong equivalence principle (SEP). However, to obtain a deeper knowledge of General
Relativity we need to learn more about its inner mathematical workings.

2.2
2.2.1

Geometrical Concepts in General Relativity
Spacetime as a Manifold

The continuum in which we exist can be thought of as 4-dimensional real space R4 , where three
of those dimensions are our 3D space and one is time. This can be mathematically understood
as an n-dimensional, real manifold - a set consisting of smoothly connected pieces that locally
preserve properties of open subsets in Rn , but not necessarily globally [13] (see the Mathematics Appendix for definition of open sets A.1). This definition seems rather vague at the first
sight, but it simply shows that manifolds behave like Euclidean space at neighbourhood of each
point, whereas they are generally non-Euclidean when viewed globally. The best example of a
manifold is a torus as in Fig. 4.
The overall curved structure of a torus would be intangible to a tiny ant living on its surface;
equivalently, humans also do not easily realise that the surface of the earth is not flat. People
would never dare to imagine the earth to be a globe - if it weren’t, of course, for science, and
accurate measurements. This naturally leads to a simple, yet curious concept: curvature, for
which there exists two types of descriptions. We resort to a higher dimension that the manifold
is embedded in, for an extrinsic description, or only make use of the object itself, for an intrinsic
description. Here, the curvature of the earth from the point of view of an astronaut in space is
extrinsic, while that understood by humans living on the surface of the earth is intrinsic. In the

5

Figure 4: An example of a manifold: the torus [14]

theory of General Relativity, we only consider the intrinsic notion of spacetime curvature, as
we focus on what happens within the spacetime and leave the rest to metaphysics.
A more formal definition of curvature implements the idea of parallel transport (see Appendix
A.1 for the mathematical definition). Taking a sphere as an example of a manifold, we consider
a vector v tangent to the sphere at point A (Fig. 5a). This vector is then moved along a closed
curve, γ . We can imagine the tangent vector is attached to a smooth ball that can only slide
rather than roll along this curve. Without the rolling of this little ball actively changing the
direction of the vector, what is left is passive change due to the manifold or spherical structure
itself. This way of moving is called ‘parallel transport’. If the vector v is no longer pointing in
the same direction when it returns to point A, the manifold is undoubtedly curved.
However, as we can see in the following figure, even though the manifold is clearly curved, the
vector still remains in the same direction after parallel transport as long as the curve is specially
selected. This phenomenon gives rise to the concept of geodesics, the generalization of straight
lines in Euclidean space on a curved manifold.

(b) The tangent vector pointing at the
same direction when parallel transported
along a special curve, geodesics [16]

(a) Parallel transport of a unit tangent
vector on a sphere [15]

Figure 5

These curves experience the least possible curvature and hence are the shortest possible route.
More clearly, geodesics are defined by the condition that the unit tangent vector would remain
in the same direction after being parallel transported. The geodesics of a sphere are the socalled ’great circles’, the circles with the same centre as the sphere, such as the equatorial and
longitudinal lines. The geodesics of an ellipsoid, however, are different (Fig. 6.). In a curved
space, geodesics that are initially parallel, diverge; in a flat space, they stay parallel.
6

Figure 6: Geodesics on an ellipsoid. [17]

Intuitively, parallel transport seems to encode information about derivatives. Indeed, this action
can be mathematically expressed through a covariant differential operator, ∇a , on M, which is a
linear operator that behaves the similarly to the del operator when applied to a scalar field. The
only difference is that there exists multiple choices of ∇a on M that are equally well defined
without introduction of a specifically chosen metric.

2.2.2

The Metric Tensor

Here we take a detour from geodesics and parallel transport to define the metric tensor. The
metric tensor encodes information about distances. It satisfies the following relation:
ds2 = gµν dxµ dxν .

(1)

Here, x is the chosen coordinate and ds2 is the squared Lorentz invariant as in SR, which
represents the spacetime interval. A given metric can fix the form of the differential operator
∇a . Given the ‘Lorentz metric’ gab , one can always identify a geodesic connecting two causally
connected events. This is why the Lorentz metric is so powerful.
Returning from the detour, we consider the case when the curve γ is infinitesimal, parallel
transport would be expected to test the curvature at a particular point on M. The failure of
the tangent vector to come back to itself implies that differential operators no longer commute,
indicating that the positions of a succession of differential operators are not equivalent. This is
quantified by the Riemann curvature tensor:
Rdabc vd = (∇a ∇b − ∇b ∇a )vc .

(2)

Here, v is the unit tangent vector. The term inside the brackets resembles the commutator in
quantum mechanics that we are familiar with. The Riemann tensor is the commutator of ∇a
and measures the curvature itself. A detailed proof can be found in [18] for curious readers.
Appropriately contracting indices of the Riemann tensor gives rise to the Ricci tensor Rab and
the scalar curvature R (see Appendix for details). We will see these later when we look at
the field equation. Based on some derived properties of Riemann curvature tensor, we can
transform the obtained relation containing the Ricci tensor and the scalar curvature to give:
7

1
∇a (Rab − Rgab ) = 0.
2

(3)

gab is a Lorentz metric on the manifold M. The term inside the brackets is later denoted as Gab .
This is the Einstein tensor which describes the gravitational field. Based on the properties of
curvature and matter distribution, Einstein developed the field equation of the General Theory
of Relativity [10]:
8πG
(4)
Gab = 2 Tab .
c
Here, Tab is the stress-energy tensor. The concept of Tab originates within the context of a fluid,
but can serve to account for a continuous matter distribution spread across the spacetime when
extrapolated to all matter and fields [19]. Turning back to Eq. 4, the essential premise is that
the trajectories of objects which are not subject to any force other than gravity coincide with
the geodesics of the manifold M that the object is living on. We will continue to refer to this as
the ‘key assumption’. Eq. 4 describes how the curvature in the left hand side, reflecting purely
geometrical properties of the spacetime manifold M, is related with the matter-describing quantities in the right hand side. This reveals the secret of the response mechanism of spacetime
when faced with matter concentration and mathematically leads to the picture of spacetime we
provided in the previous section.
Additionally, a simple yet accurate measure of an object’s curving effects on spacetime is the
compactness, A. It is defined as:
M
A= .
R
Here, M is the mass of the aforementioned object and R is the radius. The compactness is one
of the parameters used by EHT group, when comparing estimations from the pictures with the
predictions [5].

2.3

Concepts of the Schwarzschild Black Hole and Singularities

The behaviour of spacetime outside a local gravitational source is of interest to physicists as we
hope to describe the motion of free particles. Hence, we aim to find solutions of the vacuum
Einstein field equation that describes the empty space outside the object at interest.
The first type of solution to the vacuum field equation was discovered in 1916, the famous
Schwarzschild solution [20], the nomenclature of which suggests clear relation with Schwarzschild black hole, a name that frequently pops out in modern astrophysics and will be explained further. The Schwarzschild metric is:

ds2 = (1 −

2GM
2GM 2 2
)c dt + (1 − 2 )−1 dr2 + r2 + dΩ2 .
2
c r
c r

(5)

Here, M is the mass of the gravitational source, and:
dΩ2 = dθ 2 + sin2 θ dφ 2 .
8

(6)

This adopts the conventional a spherical coordinate system. This elegant solution is the only
spherically symmetric one that supports asymptotically flat space [18], in agreement with the
physical intuition that the effect of a local gravitational source eventually fades away. From the
obvious absence of time t in this solution (note that dt is not t-dependent), we find yet another
significant property of Eq. 4: that it is static.
Within classical theory, Lagrangian methods are often adopted for calculation of trajectories or
equations of motion in general. Following this recipe here in General Relativity, we minimize
the action of a test particle, which is the integral of its Lagrangian w.r.t. the proper time τ, we
will be able to identify a physical constant of the Schwarzschild solution as follows [21]:

E = γc2 = (1 −

2GM dt
) .
c2 r dτ

(7)

Here, E is the energy per unit rest mass along the trajectory R(τ(t)) of the object under discussion, measured by an inertial observer that is sufficiently far away from the source. R(τ(t)) is
a geodesic of spacetime according to the key assumption. This type of conserved quantity is
expected when using Lagrangian methods. Furthermore, we can obtain the equation of motion
as follows, after reduction to radial coordinates [22]:
1 E2
1 2
ṙ +Ve f f (r) =
.
2
2 c2

(8)

The Ve f f (r) is the effective radial potential per unit rest mass. Here in this calculation, it is the
Newtonian gravitational potential represented by Fig. 7.
In this case we can use the spacetime interval given by:
c2 dτ 2 = ds2 = gµν dxµ dxν .

(9)

Combining this with Eq. 8, we will arrive at a relation linking Ṙ, the first derivative of R w.r.t.
the proper time τ and E. Substituting Eq. 7 in to eliminate E, the key equation for Ṙ can be
2GM
and R+ = c2 (1−E
produced. Ṙ is then found to vanish at R− = 2GM
2 ) [21]. R+ is greater and
c2

Figure 7: The effective
potential for a
Newtonian orbit. r∗
denotes the radius of the
stable circular
orbit [23, p. 52]
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Figure 8: Schematic representation of a spacetime singularity. [24]

thus can be thought of as the starting point. This particle appears to be slowing down when
approaching R− and will never arrive at this point. Hence, we can define R− as the event
horizon which acts as a causality barrier, later referred to as the Schwarzschild radius RS .
A mathematical singularity is produced in Eq. 5 when:
r=

2GM
,
c2

which coincides with the Schwarzschild radius RS that we previously obtained rather rigorously.
However, with coordinate transformation, this apparent singularity will disappear, unveiling the
true physical singularity at r = 0 [21]. This is in analogy to a flat sheet broken at one particular
point due to an excess of weight concentrated on it (Fig. 8).
The prototype black hole is the Schwarzschild black hole, as a theoretical prediction of General
Relativity. It originates from the spacetime singularity described above. Naked singularities
are never observed. The cosmic censorship conjecture states that there exists certain veiled
physical laws preventing the existence of singularities without an event horizon [19]. Hence,
no singularities are directly visible to observers and are all covered by an event horizon. The
composite of both is classified as black hole that absorbs all particles and electromagnetic
radiation.

2.4

Photon Orbits and Gravitational Lensing

As Einstein pointed out insightfully in [25], one implication of General Relativity with pervasive influence on our conception of light is that light tends to bend around massive objects such
as black holes. This directly contradicts with people’s original interpretation of Fermat’s least
time principle, which states that light travels along straight lines in vacuum.
Light rays are said to follow ‘null geodesics’ of curved spacetime (Fig.9), which are light-like
world lines in Special Relativity where the Lorentz invariant ds2 equals zero. Readers will
likely find the basic ideas of the determination of the photon orbit highly analogous to the
classical case. We will now derive the geodesic paths of light rays. Here, to identify the orbit
of a photon, we apply the same methods for a massless particle, which will replace Eq. 9 with
the following one:

10

Figure 9: An artistic illustration of light emitted from a galaxy being bent over a local gravitational
source [26]

gab

dxa dxb
= 0.
dτ dτ

(10)

This is the mathematical description of what a null geodesic is. The effective potential along
null geodesics Vnull using the Schwarzschild metric is plotted in Fig.10, where the potential
approaches infinity at zero and zero at infinity. Its definition is similar to that of a classical
object in Euclidean spacetime. The photon sphere is defined by the circular orbit radius of the
massless particle, such as photon. This is the only permitted orbit for a masslesss particle [22]:
r photon =

3GM
.
c2

It is highly unstable since it corresponds to a local maximum rather than a minimum. This is
obviously greater than the Schwarzschild radius.
The equation of motion derived from analysis of the action within the framework of Lagrangian
dynamics is the same as Eq. 8, with Ve f f (r) replaced with Vnull (r) [22]:
1 E2
1 2
ṙ +Vnull (r) =
.
2
2 c2

(11)

Light rays with different energies will experience different trajectories according to how the
right hand side of this equation compares to the maximum value of Vnull (see Fig.10). Now we
set:
lc3
E0 = √
.
27GM
We then state that according to Eq. 11:
• If E < E0 , light from within the photosphere will eventually fall back to the centre,
whereas light coming from outside will be scattered back into outer region.
11

Figure 10: The effective radial potential of the photon along the null geodesics. [22]

• If E > E0 , light from within the photosphere has enough energy to escape the black hole,
given it is outside the event horizon, r > RS , whereas light coming from outside will be
captured.
With the substitution u = 1r , the following equation is used:
dx2
3GM
+ u = rPhoton u2 = 2 u2 .
2
dφ
c
When M is 0:
u0 =

(12)

sinφ
.
b

Here, b is defined as a constant equal to the product of r and sinφ . b in Fig. 11 is called the
‘impact parameter’, as in classical mechanics.
Treating this problem perturbatively, the general solution u can be written as a power series.
Substituting this series in the equation and implementing the boundary conditions, we will
arrive at a promising formula of u to the first order. To ensure the validity of the perturbative
treatment here, trigonometric angles can be approximated using φ accordingly. We then get a
more desirable formula of the scattering angle φ under approximation:

φ =−

4GM
.
bc2

Figure 11: A bending light ray in the Schwarzschild metric [22]

12

(13)

Figure 12: Light from an object behind the bright star is bent to form a ring, consisting of multiple
images of it. [27]

When the gravitational source is strong enough, an Einstein ring arises from the phenomenon
of light bending.

2.5

Formation and Properties of a General Black Hole

We have talked about the establishment of black holes as a theoretical concept, with the simplest
and a rather ideal example of the Schwarzschild black hole. But how do such objects form in
nature, and what are their properties in general? In this section, we attempt to answer both of
these questions.
When heated, emitted radiation gives rise to radiation pressure due to the momentum of photons. Microscopic thermal motions also result in thermal pressure. Another quantum mechanical effect, the ‘degeneracy pressure’, can be deduced from the Uncertainty Principle, which
states that the product of the uncertainty of positions and momenta has to exceed a certain constant. This leads to a necessary motion of particles in materials to account for the increasing
uncertainty of momenta when the particles are too close to each other in the high-density case.
Stars are formed when a cloud of gas condenses. When the mass of the compressed gas is
sufficiently high, the heat generated by the compression of the gas triggers the conversion of
hydrogen to helium. This fusion reaction provides the luminosity of stars. When stars use up
the hydrogen they store, their cores contract to induce fusion of heavier elements. If stars are
lighter than a threshold value M0 = 1.5M [28], they will evolve into a white dwarf or, more
rarely, a neutron star. Both are supported by the degeneracy pressure. Heavier stars are unable
to support their mass with degeneracy pressure alone; they need the radiation pressure produced
by fusion, which stops once iron is formed in the core since is the most stable element and does
not fuse further [28]. This leads to the core’s collapse into a neutron star or a black hole. Stellar
material is sucked towards the core, rebounds from it and is ejected into space. The ejection of
the stellar material is called a supernova.
According to the ‘no-hair’ theorem, resulting from the combined efforts of Israel in 1968 [29]
and Mazur in 1982 [30], there are only three permitted parameters of black holes: the mass M,
the spin a∗ , and the charge e. The spin is defined by the following formula involving angular
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momentum J:
a∗ =

J
.
M

(14)

The Schwarzschild black hole only considers the mass parameter, yielding a spherically symmetric, electrically-neutral, stationary and non-rotating black hole. Further inclusion of other
basic parameters gives rise to a more generalized characterization of black holes, which the
following two sections are dedicated to.
When the star is roughly spherically symmetric, the gravitational collapse leads to a Schwarzschild black hole [28]. The star may lose spherical symmetry when it is rotating or carrying an
additional electromagnetic field. In this case we resort to the Kerr or Kerr-Newman solutions
for the desired description of these black holes.
Quantum effects are not discussed within the context of the classical no-hair theorem. Black
holes are allowed to have hair in the more general quantum mechanical discussion. This explains why terms like ‘scalar hair’ are occasionally encountered in the literature, despite the
presence of no-hair theorem.

2.6

Rotating Black Hole: Kerr Black Hole

After the Schwarzschild solution, the Kerr solution [31] to the Einstein field equation was
discovered in 1963. The Schwarzschild solution was absorbed into the Kerr solution as the
special case where the black hole of interest is not spinning, with angular momentum J = 0.
Explicit expressions of the Kerr metric can be found in [18].
We can compute the mathematical singularity of a Kerr black hole and surprisingly there are
two valid roots of the involved equation [21]:
s
GM
r = r± = 2 ±
c

GM 2
− a2 .
c2

(15)

These corresponds to inner and outer event horizons for the Kerr black hole. However, this
can be resolved by a coordinate transformation. The physical singularity where the curvature
diverges can be proved to be at Σ = 0 when r = 0 and θ = π2 [13]. Σ is defined with spin a∗ :
Σ = r2 + a2 cos2 θ .

(16)

If and only if a Kerr black hole is spinning, the ergosphere exists as a finite region outside the
event horizon of a Kerr black hole where no massive particles can remain stationary, proved by
Carter in 1973 [32]. This is essentially due to the equation:

14

gab

dxa dxb
< 0.
dτ dτ

(17)

The above holds for all trajectories of real particles [19]. All massive particles will appear to be
dragged along by the rotation of the Kerr black hole and thus have a positive angular velocity.
This phenomenon is called the ‘frame dragging’ effect, which is negligible or absent outside
the ergosphere.
When the gravitational collapse during the formation of a black hole is non-spherical, the spacetime of the produced black hole cannot be described by the Schwarzschild metric. This is how
a Kerr black hole, with the asymmetry of the physical singularity discussed earlier, is generated. Unlike its spherically-symmetric Schwarzschild companion, significant fractions of
energy may be radiated during the collapse, as Penrose pointed out back in 1969 [18].
It is possible to extract energy from a rotating black hole because it speeds up passer-by particles through the frame dragging effect. This can eventually reduce the mass M down to the
‘irreducible mass’ Mirr , at which J = 0. The irreducible mass is defined to be:
1
2
Mirr
= [M 2 + (M 4 − J 2 )1/2 ].
2

(18)

After simple manipulations of this relation, we can find the origin of its name:

2
+
M 2 = Mirr

1 J2
2
> Mirr
.
2
4 Mirr

(19)

How can one interpret the difference between the parameters M and Mirr ? M is the gravitational
mass to an observer who is far away. Mirr is what remains after complete extraction of angular
momentum. More discussions on energy extraction in Section 3 will satisfy curious readers.
The innermost stable circular orbit (ISCO) is the shortest radius that a massive particle can
orbit stably around a gravitational source such as a black hole. According to the simple
Schwarzschild metric, this orbit is three times the Schwarzschild radius, 3RS [13]. When upgrading to the Kerr metric that takes the angular momentum into consideration, the ISCO will
decrease as J increases. However, the ISCO will always remain outside the black hole.

2.7

Charged Black Hole: Kerr-Newman Black Hole

The most unusual out of the three fundamental black hole parameters is electric charge e.
Kerr black holes are expected to occur most frequently in nature, however, electric charge is
permitted in the process of non-spherical gravitational collapse. But, it is not inconceivable that
they exist. The Reissner–Nordström solution [33, 34] describes a charged non-rotating black
hole, whereas the Kerr-Newman solution [35] allows the introduction of black hole spin.
The metrics associated with both solutions are complicated and thus omitted. It is noteworthy,
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however, that when setting the charge e as zero in the Kerr-Newman metric, the Kerr metric is
recovered as expected. It can also be simplified by setting a, the spin, to zero, which results
in the Reissner–Nordström metric. If both e and a are 0, then the Schwarzschild metric is
recovered. Hence, the Kerr-Newman metric can be considered to be the most general black
hole solution to the vacuum Einstein field equation. Naturally, there are also two event horizons
associated with the Kerr-Newman black hole like the Kerr black hole, but these are chargedependent.
The presented discussion of charged black holes functions as an example of black holes with
additional fields. These are discussed later as one of the alternative theories to explain the EHT
observations [5]. The extra field in this case, is an electric one.
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3

The Astrophysics of Black Holes

Black holes absorb everything that crosses their event horizon, even photons. Therefore isolated
black holes are invisible to us, making their detection challenging and their imaging impossible. In reality, there are several characteristic signatures associated with black holes and their
formation, making their detection possible.
Black holes form in some of the most extreme events that occur in the universe, such as supernovae (Section 2.5), in which large amounts of matter are released into the interstellar medium.
Black holes are typically very massive objects; their masses range from a few tens to billions of
solar masses(M ). For example, the black hole produced in the black hole merger GW150914,
which was the first ever observation of gravitational waves by LIGO, has an approximate mass
of 64 M [36], while M87* has a mass of around 6.5 × 109 M [6]. Because of this, the
gravitational force around the black hole dominates the behaviour of any surrounding matter.
Some of this matter falls into the black hole, increasing its mass and size in the process, but
most settles in an orbit around it, forming the accretion disk. This causes the formation of
large astrophysical structures and produces highly energetic processes which we can easily be
observed from Earth, making the detection of black holes possible. In this section, we describe
these phenomena, the processes in which they are produced, and how we can detect them, with
the aim of better understanding what the EHT image reveals.

3.1

Active Galactic Nuclei (AGN)

Figure 13: An image of M87 taken by the Hubble Space Telescope. One can clearly see the highly
luminous nucleus and the blue plasma [37]

M87 is a supergiant elliptical galaxy located in the constellation of Virgo at a distance of
53.5 ± 1.6 × 106 light years from Earth [38]. Fig. 13 shows an image of M87 in which two
main features can be distinguished: a highly luminous nucleus that outshines the entire stellar
population of the galaxy, as well as a blue plasma jet emerging from this nucleus (see Section
3.3). The centre of M87 is what is known as an active galactic nucleus (AGN); a compact region
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located at the centre of the galaxy with extremely high luminosity. This luminosity, however,
is non-stellar. Optical spectra of AGN correspond to that of gas moving at high speed. Unlike
stellar optical spectra, a typical AGN optical spectrum has broad peaks at UV wavelengths (Fig.
14), and stars cannot heat surrounding matter enough to account for this high luminosity.

Figure 14: Spectral energy distribution of a typical AGN compared to that of an ordinary
galaxy [39, p. 118]

Broad spectral lines are a typical characteristic of AGN. If we look at the optical spectrum of
the NGC 5548 galaxy (Fig. 15), we find that the Hα line at 6563 Å is much broader than usual,
with a width of about 200 Å. Using the Doppler formula, we find that this peak corresponds
to a speed of v = c∆λ /λ = 9136 km s−1 , which is 5% of the speed of light, suggesting that
the gas in this AGN is responsible for its high luminosity, due to its tremendous speed [40, p.
4]. For comparison, the speed of the rotation of the Earth around the Sun is 30 km s−1 , while
that of the Sun around our galaxy is 225 km s−1 [9] . Due to these high speeds, the friction
between adjacent annuli in the disk heats up the matter to temperatures of the order of 106 K,
which accounts for the high UV and X-ray luminosity [41]. Thus, if these high speeds arise due
to gravitational forces, then we can assume that the gas must be orbiting around an extremely
massive object.
The mass of this object can by estimated using the virial theorem, which states that the kinetic
energy of an orbiting object is approximately equal to its gravitational energy. Therefore the
mass of the supermassive gravitating body can be approximated as M ≈ v2 r/G, where v, r ad
G represent the velocity, orbital distance and gravitational potential energy. Matter orbiting the
supermassive black hole is moving at speeds of the order of 103 km s−1 and orbiting at radii in
the range 1pc ≤ r ≤ 100pc. The mass of the nucleus of NGC 5548 can thus be estimated to
be around 109±1 M [40, p. 4], suggesting that a supermassive black hole in the centre of the
galaxy is responsible for the features we observe, as we know of no other object that can bear
so much mass while being so compact. The large gravitational well that this object produces
draws in surrounding matter, which forms what is known as an accretion disk; these objects are
discussed in Section 3.2 and are highly relevant in understanding AGN and will help us better
understand what we see in the EHT image.
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Figure 15: The optical spectrum of NGC 5548 at longer wavelengths. The unusually broad M line
at 6353 Å suggests that matter is moving at speeds of the order of 103 km s−1 [40, p. 2]

3.2

Accretion Disks

In order to interpret the observational data and understand the structure of AGN, we must understand how matter behaves around the central compact object and how it manages to attain a
considerable fraction of the speed of light. We start off with a simple mathematical introduction
to the accretion of matter.
From a classical point of view, the radial distance r(t) of a particle about a body of mass M
obeys the differential equation:
 
1 dr 2
+V (r) = E.
2 dt

(20)

Where E, the total energy of the particle per unit mass, is constant, and V (r) is the effective
potential given by:

V (r) =

h2
GM
−
.
2r2
r

(21)

Here the first term is the repulsive centrifugal potential and the second term is the usual attractive gravitational potential [42, p. 234]. Particles with zero angular momentum per unit mass h,
fall radially into the centre, while particles with non-zero angular momentum escape provided
that E ≥ 0. If E ≤ 0 however, particles remain bound to the central mass, with the potential
energy bounded between the values where ṙ = 0 or equivalently, E = V (r). A stable circular
orbit is achieved at the distance at which the potential is minimised, i.e. when dV
dr = 0 (Fig. 7).
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In General Relativity however, corrections to this model are required as all energy in the system
contributes to the gravitating mass of the central body. For strong gravitational fields, which
are what we are interested in, the inverse square law has to be modified. A gravitational field
is considered ‘strong’ when the gravitational potential energy of the particle is of the order its
rest mass-energy (GMm/r ∼ mc2 ) [42, p. 234]. This implies that relativistic corrections are
necessary. Eq. 8 in Section 2 is the EOM for a non-rotating spherical mass M in a vacuum.
The proper time τ is related with time t by Eq. 7. Using Eq. 7 the effective potential shown on
Fig. 16 can be expressed as:



h2
2GM
1+ 2 2 .
V (r) = 1 − 2
rc
c r
2

(22)

Figure 16: Graph of V (r) for different
values of dimensionless specific angular
momentum ch/GM. The Newtonian
solution is shown for comparison,
although re-scaled appropriately [42, p.
235].

The above graph shows many interesting features. First of all, we can see that the effective
potential vanishes at the Schwarzschild radius (r → 2GM/c2 = Rs ) and thus by Eq. 7 γ →
∞. This explains why it is impossible to observe an object crossing the event horizon of a
black hole from the outside. If we compare with the Newtonian potential we find two major
differences. The first is that the General Relativity model has both a maximum and a minimum
(Fig. 16), unlike the Newtonian model which only has a minimum (Fig. 7); these correspond
to unstable and stable circular orbits respectively.
√ The second is that, in the General Relativity
model there is no turning point at all if h < 2 3GM/c2 , unlike in the Newtonian model where
this only happens when h = 0. Therefore, the effects of a strong gravitational field are that:
• Particles with energies higher than the centrifugal potential barrier will enter an orbit
around the black hole, regardless of their angular momentum.
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• Particles with low (not just zero) angular momentum will be swallowed by the black hole.
Analogous statements were made about light in Section 2. The ISCO [42, p. 236] is given by:

rISCO =

6GM
= 3Rs .
c2

(23)

At this radius, maximum extraction of energy from infalling particles is achieved. Particles in
lower unstable orbits will fall inwards, and so their energy will be lost to the black hole [42, p.
236]. A basic Newtonian approach to determine the maximum efficiency of energy generation
for a particle of mass m in the ISCO rISCO given by the ratio of its maximum available GPE to
its rest mass energy:

εmax =

(GMm/2rISCO )
.
mc2

(24)

From this an efficiency of 8.3% can be calculated, but a full relativistic analysis gives a more
accurate value of 6% [42, p. 236].
If we now consider a Kerr black hole of mass M, this alters the form of the potential slightly,
and yields a different ISCO, rISCO (see the maths appendix for derivation). It can be shown that
the maximum efficiency of energy extraction corresponding to the ISCO is given by:

"

s

εmax = 1 − rISCO − 2b ± a

b
rISCO

#"
rISCO − 3b ± 2a

s

b
rISCO

#− 12
.

(25)

Where a = ch/M, b = M/c2 and ± corresponds to particles rotating in the same or opposite
sense as the black hole, respectively [43]. This yields an efficiency of about 40% for a particle
with the maximum allowed angular momentum rotating in the same sense as the black hole.
For comparison, the maximum efficiency of nuclear fusion is 0.8% [41, p. 186]. Therefore
this may be considered to be the most efficient mass-energy extraction process in the universe,
short of annihilation.

3.3

Relativistic Jets

Relativistic jets are highly energetic processes in which beams of matter travelling at speeds
close to the speed of light are released along the axis of rotation of an accretion disk. Fig.
17 shows an excellent example of a relativistic jet emerging from the nucleus of M87. These
highly-energetic phenomena are very complex and thus the exact production mechanism is
uncertain. One of the most well-established theories for the formation of jets around SMBHs
is the Blandford-Znajek process [44].
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.
Figure 17: Zoomed-in image of the jet emerging from the centre of M87(ref). The jet extends
about 5000 light years from the centre of the galaxy [45]

3.3.1

The Blandford-Znajek Process

In order to create a simple model that explains the formation of jets, Thorne et al. created an
approach known as the black hole paradigm which models a black hole event horizon as an
electrically conducting membrane with uniform surface resistance [46]. This model is consistent with known physics but greatly simplifies the problem. In this model, the black hole is
an electrically charged sphere immersed in the magnetic field of the surrounding plasma, thus
acting as an electrical generator which allows the extraction of rotational energy of the black
hole by the magnetic field into electrical energy in the form of external currents [47]. Fig. 18
illustrates this concept.
The matter in the disk around the black hole has a magnetic field threaded through it. The
magnetic field lines are pulled into the black hole together with matter from the disk and they
become increasingly tightly as more matter is pulled in. A rotating (Kerr) black hole is surrounded by an ergosphere (see Section 2.6) in which space itself is dragged like water in a
whirlpool. As matter falls in the ergosphere, the field lines are dragged with it, making them
coil and twist, causing them to eject matter outwards, both above and below the plane of rotation and along the rotation axis [46].
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Figure 18: Illustration of the ’circuit’ that powers the Blandford-Znajek process [47, p. 294].

3.4

View of a Black Hole

The view of a black hole is much different to what we would expect from other astrophysical
objects, due to the presence of the previously mentioned structures around it and its strong
gravitational field. As we mentioned in Section 2.4, black holes distort the spacetime around
them so much that they bend rays of light in their vicinity through a process known as gravitational lensing. This allows us to see the portion of the accretion disk that is behind the black
hole from our point of view, which is beautifully illustrated in Fig. 19.
Another feature that stands out in this image is that one side of the accretion disk appears
brighter than the other. This is caused by a process known as relativistic beaming that affects
moving sources, altering the relation between their luminosity and the flux we observe depending on their motion with respect to us, the observers. This is due to a relativistic effect
by which a moving source that emits radiation isotropically in its rest frame will appear to
emit anisotropically for an observer. The angular distribution of this emission depends on the
source’s velocity. A source moving at velocity v at an angle φ with our line of sight, will have
its brightness altered by a factor:

D=

1
γ(1 − β cos φ )

2+α
.

(26)

Here β = v/c and γ = (1 − β 2 )−1 as usual, and α is a parameter known as the spectral index
[41]. Thus, for an accretion disk, if one side is moving towards us at an angle φ to our line of
sight, the other will be moving away from us at an angle φ + π. Therefore, if the side moving
towards us appears brighter by a factor D+ , and the side moving away from us appears dimmer
by a factor D− , the ratio between these will be given by:
D+
=
D−



1 + β cos φ
1 − β cos φ
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2+α
.

(27)

Figure 19: An artist’s impression of the appearance of a black hole and its a accretion disk,
describing the main visible features [48]

This effect also applies to a relativistic jet and its counter jet, for which the brightness ratio
can easily be of the order of 102 [41]. Relativistic beaming can be seen even more clearly in
the image taken by EHT (Fig. 1), where the bottom half of the disk appears much brighter
than the upper half, suggesting that the low end accretion disk is moving towards us while the
upper is moving away. The difference in brightness is also influenced by the emission of the jet
and counter-jet and the asymmetry in the ring is consistent with the brightness ratio observed
between the jets in the upper and lower sides [49].
The light in the EHT image (Fig. 1) is believed to be synchrotron radiation which is radiation
that is produced by the sudden acceleration of charges perpendicular to their velocity. The
emission of charged plasma perpendicular to the plane of the disk resulting in the formation of
jets and the flow of charged matter under strong magnetic fields within the disk are processes
in which large amounts of synchrotron radiation are produced [1]. This emission results in
the formation of jets and the flow of charged matter under strong magnetic fields within the
accretion disk are processes in which large amounts of synchrotron radiation is produced [1].
Due to the mysterious nature of relativistic jets however, some experts in the field such as
Roger Blandford, however, believe that the main contribution in the observed flux from the
image could potentially come from the jet [50].
The dark region in the centre of Fig. 1 is not exactly the event horizon of M87*; it is approximately 2.5 times larger and is the shadow that the black hole casts [1]. As mentioned in Section
3.1, it appears dark as most photons beyond this point tend to fall into the black hole past this
region, known as the photon sphere, after which no photon orbits are possible.
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4

Radio Interferometry and Aperture Synthesis

How do Radio Astronomers image a black hole? This is accomplished using a technique from
Radio Astronomy called ‘Very Long Baseline Interferometry’ (VLBI). In this section, we will
briefly explain the history of Radio Astronomy, and how the Event Horizon Telescope represents a high-point in the history of VLBI.
Radio Astronomy has its origins in the 1930s with the work of radio engineers Karl Jansky and
Grote Reber uncovering radio sources in the center of the Milky Way [51, p. 11]. Initially,
research was done using single dishes. Diffraction effects however, limit their angular resolution. Radio Astronomy uses wavelengths hundreds to millions of times longer than optical
astronomy. This means that the resolution of single dishes cannot significantly improve beyond
the scale of arcmins [52, p. 177].
The angular resolution of telescopes is bounded by the diffraction limit, ∆θ ∼ λ /D, where D
is the size of the telescope aperture, and λ is the observational wavelength. Therefore, even a
large dish of size 20m, operating at a radio wavelength of 20cm, is limited to a resolution of
−2
∆θ ∼ 20cm
20m = 10 rad ≈ 34 arcmin. Radio Astronomers quickly understood this and first began
studies in 1946 that used the technique of Interferometry to go beyond this limit [51, p. 128].
‘Radio Interferometry’ is a field where separate radio telescopes are combined to resolve objects in the radio-sky that are much
smaller than what each telescope could have
resolved individually. Rapid advances in
the 1950s and 1960s were made by groups
at Jodrell Bank in Manchester and in Cambridge, among others [54]. Now, the resolution power is limited by the largest distance,
‘baseline’, between telescopes in the array.
For example, the Cambridge One-Mile Telescope (Fig. 20) would have had a resolution
of ∆θ ∼ 21.3cm
1600m ≈ 0.4 arcmin [53].
Aperture synthesis combines data from several radio interferometers into a single image, Figure 20: Radio contour map of Cygnus A from
as if it were produced by a single aperture. the One-Mile Telescope. The limits of the optical
source are shown by the dotted ellipse [53].
Large aperture synthesis arrays which used
the rotation of the earth were first built in the
1970s, with the Westerbork Synthesis Radio
Telescope (1970) in the Netherlands as a prime example [51, p. 3].
Eventually, astronomers further increased resolution by using VLBI. Here, radio observations
are done at completely separate locations and recorded onto tapes or hard drives. These locations can be arbitrarily far away. The data are synthesised only weeks or months later. The first
array built specifically for this purpose was the American Very Long Baseline Array (1994) [54,
1cm
p. 40]. Resolutions of ∆θ ∼ 8600km
≈ 0.4 mas thus became available.
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Improvements in radio technology, processing power, and storage have continued to enable
increased resolution on the frontiers of shorter wavelengths and increased baseline. The EHT
is special because it resides on the pinnacle of modern capabilities: it observes on 1.3mm
wavelength, with baselines up to 13,700km spanning across continents, yielding ∼ 25 µas
resolution [1, p. 3]. This is a formidable task due to atmospheric effects, making synthesis
difficult, combined with the task of processing enormous data throughput [1, p. 3].
In the following section, we will introduce an elementary interferometer. Expanding on this, we
will demonstrate how it captures the Fourier components of radio sources, and finally explain
the Aperture Synthesis technique.

4.1

An Elementary Interferometer

In this section we will explain the constituent parts of a two-element radio interferometer, the
basic building block of all interferometry systems. We will show that observations with a given
separation between the elements, called the baseline, essentially yield a single Fourier coefficient of the source brightness. This fact is central to reconstructing an image using Aperture
Synthesis. We loosely follow the logic of Chapters 9 and 10 of the well-known Burke, GrahamSmith textbook [52].

4.1.1

The Setup

An elementary two element interferometer is depicted in Fig. 21. Here, we assume two identical aerials to be separated by a distance vector b, called the baseline. We assume both aerials
to be pointing in the direction of unit vector s0 . Any given direction in the sky is represented
by the unit vector s = s0 + σ . An arbitrary direction s, very close to s0 , gives a very small
σ = s − s0 .
Both aerials are connected to a central receiving station where the signals are correlated and
received. We assume that this signal recombination happens instantaneously and that there is
no time delay in the system. An artificial, ‘instrumental’, delay τi will however be imposed in
the system.
We will mathematically consider the correlation of these signals and derive how this yields
the Fourier coefficients of a radio source. To do this, we will have to make the following
simplifying assumptions:
• The Far-Field limit is assumed to apply. That is to say, all sources are sufficiently far
away, that signals arriving in the receivers from the same direction s are indistinguishable, up to a “geometric” time delay τg . The delay is caused by a difference in pathlength between the receivers. The receivers therefore capture the signal into a response
R1 (s,t) = R2 (s,t − τg ).
• The signal is very nearly monochromatic. This may be accomplished, for example, by
using a band-pass filter centred closely about a frequency ν.
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Figure 21: Schematic two-element interferometer. The figure includes a geometric time-delay τg ,
baseline b, a direction s, and a zenith angle θ [52, p. 180].

• Identical receivers. Together, the combined
sensitivity of the system at frequency ν is
p
given by the effective area A(s, ν) = A1 (s, ν)A2 (s, ν).
• The radio source produces incoherent radiation, described by a brightness distribution
Bν (s). This is a sound assumption for all sources of radiation such as black-body emissions or synchrotron radiation, with the exception of pulsars or masers.

4.1.2

The Mathematics Underpinning a Two-element Interferometer

As in Fig. 21, and by assumption, both aerials receive the same signal, up to a geometric (and
instrumental time delay): R1 (s,t) = R2 (s,t − τg + τi ). This is due to the difference in path
length for a radio wave as in Fig. 21: d = b sin θ = b · s. Here θ is the angle from the zenith.
Therefore τg = b · s/c.
We now examine the response from a single sky-element dΩ (see Fig. 22). A signal is captured
in receiver 1. This will have a Fourier transform in the time domain: FT [R1 (s,t)] = Re1 (s,t).
Then the cross-correlation of the two signals R1, R2 is:
R12 (τ) = hR1 (s,t)R2 (s,t − τ)i.

(28)

By the convolution theorem, the Fourier transform of the cross-correlation is the product of
the respective Fourier transforms of the components. However, signals R1 , R2 are the same up
to a time translation τg − τi . This time translation induces a phase difference exp(i2πντ), as
FT [ f (t − τ)] = exp(−i2πντ) FT [ f (t)]. The Fourier transform of the cross-correlation of the
signals, is therefore:

27

Figure 22: The contribution of a small sky-element of solid-angle dΩ, in the direction s. NCP is
the North Celestial Pole. [52, p. 201].

S12 (s, ν) = |Re1 (s,t)|2 exp(−i2πν(τg − τi )).

(29)

The term |Re1 (s,t)|2 represents the power output of the source under consideration, whereas the
exponential term gives it a phase. The power output should therefore be given by the effective
area of the receiver A(s), the sky-brightness Bν (s), and the size of the sky-element dΩ:
|Re1 (s,t)|2 = A(s)Bν (s)dΩ.

(30)

In real conditions, the receiver will be operating on a finite bandwidth, meaning that the signal
is not completely monochromatic, but is spread over a frequency band ∆ν. This actually causes
interference effects, which cause a narrower field of view. The EHT already has an extremely
narrow field of view, so this is not relevant. In this analysis, we ignore these effects, and
subsume them into the effective antenna area A(s).
To summarise, we have now derived the contribution from a patch of sky dΩ to the so-called
cross-spectral power density S12 (s, ν):
S12 (s, ν) = A(s)Bν (s) exp(−i2πν(τg − τi ))dΩ.

(31)

Of course the system does not just sample a single patch of sky dΩ. The instrument is sensitive to the entire sky, and therefore all contributions must be integrated over to give the total
correlator output:
Z

S12 (ν) =

4π

A(s)Bν (s) exp(−i2πν(τg − τi ))dΩ.

(32)

We rewrite the equation by changing the coordinates from s to σ = s − s0 and rewrite the
geometric delay using τg = b · s/c. Finally, we use the instrumental delay to compensate for
the fixed term b · s0 /c and rewrite the baseline in units of wavelengths bλ = b/λ = ν b/c:
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Z

S12 (ν) =

4π

A(σ )Bν (σ ) exp(−i2πbλ · σ )dΩ.

(33)

By considering this as a function of the baseline, bλ , we get an observable called the complex
visibility. This is the fundamental observable that a radio interferometer measures. The data
that the complex visibility carries is a phase and amplitude:
Z

V (bλ ) =

4π

A(σ )Bν (σ ) exp(−i2πbλ · σ )dΩ.

(34)

This equation may be regarded as the fundamental equation for a practical interferometer. It
is very similar to a Fourier transform. We will see in the following section that under the
restrictions of a narrow field of view, this indeed becomes a two-dimensional Fourier transform.

4.1.3

The u, v Plane

We now introduce an important concept in radio astronomy: the u, v plane. This is a convenient coordinate system in which to express bλ , with orthogonal
coordinates u, v, w (see Fig. 23 ). The plane u, v is perpendicular to the central beam s0 , whilst w is parallel
to it. Now u points in easterly direction, whereas w
is oriented towards the North. The coordinates u, v, w
are all expressed in units of wavelengths, since they
are components of bλ . In this way a particular baseline may be interpreted as a vector in the u, v plane,
assuming that it is not offset in the w direction. This
is convenient, because seen from the point of view of
the source, looking towards the u, v plane, the baseline
is slowly rotating, due to the rotation of the earth. This
is a very useful fact for radio interferometry because it
means many different baselines are sampled.

.
Figure 23: The u, v plane seen in
relation to the celestial sphere. The
components of the offset σ are also
called x, y. NCP is the North Celestial
Pole [52, p. 203]

We now adapt the direction vector s to this coordinate
system, and decompose s into coordinates (l, m, n),
which are aligned with (u, v, w) respectively. As s0 is
a unit vector, and it is aligned with the direction w, its coordinates must therefore be (0, 0, 1).
In general we can say that for any√given s, l 2 + m2 + n2 = 1 holds. Therefore it is possible to
express n in terms of (l, m): n = 1 − l 2 − m2 . It then becomes trivial to express the product
bλ · σ :
bλ · σ = ul + vm + wn = ul + vm +

p
1 − l 2 − m2 .

(35)

We now have a suitable coordinate system (l, m) to perform the complex visibility integral. To
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this end, we use that the area dΩ of an infinitesimal sky-element spanning from l to l + dl, and
m to l + dl is:
dl dm
dΩ = √
.
1 − l 2 − m2

(36)

As a simplification, we assume that the baseline lies in the u, v plane, and thus that w = 0.
Although this is not the case in real life, taking w into account does not greatly improve understanding. Using this coordinate system, we finally see that the complex visibility is indeed a
Fourier transform of the source brightness, albeit combined with the effective antenna area and
a corrective factor:
Z Z

V (u, v) =

dl dm
.
A(l, m)Bν (l, m) exp(−i2π(ul + vm)) √
1 − l 2 − m2

(37)

Summarising:



A(l, m)Bν (l, m)
V (u, v) ↔ FT √
.
1 − l 2 − m2

(38)

In the small-angle approximation, where we work very near the main beam s0 , we may make
the following assumptions:
• (l, m) may be replaced by the angular coordinates (x, y).
√
• 1 − l 2 − m2 may be approximated to be 1.
• The effective antenna area A(l, m) may be normalised to unity if it does not change appreciably within the field of view, that is to say, the antenna beam is much larger than the
object being imaged.
Taking all of these into consideration, we may further simplify:


V (u, v) ↔ FT Bν (l, m) .

(39)

We end on this high note, because we have now truly realised the motto of interferometry in
radio astronomy: “Complex visibility is just the Fourier transform of source brightness”.

4.2

Aperture Synthesis

Because the complex visibility is the Fourier transform of source brightness, knowing the values of the complex visibility on the full u, v plane means that the image may be completely
reconstructed using an inverse Fourier transform. However, this is not possible because it is
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(a) The eight stations of the EHT spread over
six locations. [1, p. 3]

(b) Total u, v coverage for M87* by the
EHT. [1, p. 4].

.

Figure 25: The EHT telescope and its observations.

only possible to sample the u, v plane on a finite number of points, with a finite number of aerials. Additionally, as discussed, the maximal separation L between two aerials places a lower
bound on the angular resolution: ∆θ ∼ λ /L. We will now investigate how, and to what extent,
an image may be reconstructed using Aperture Synthesis.
A typical radio interferometer consists of N separate
aerials. This yields N(N − 1)/2 unique pairs of aerials. Each pair gives a baseline with a separate Fourier
component. Also, as the complex visibility is Hermitian, V (−u, −v) = V (u, v), twice as many points in the
u, v plane are known: N(N − 1). An example of a setup
with 7 separate aerials is the eMERLIN radio interferometer network (Fig. 24), which is spread throughout
England and Wales. It is operated from the historical
Jodrell Bank observatory and has 21 unique baselines.
Most relevant to us of course, is the EHT array, consisting of eight telescopes and 28 baselines, visible in
Fig. 25a.

.
Figure 24: The u, v plane seen in
relation to the celestial sphere. The
components of the offset σ are also
called x, y. NCP is the North Celestial
Pole [52, p. 223]

How can the coverage of the u, v plane be increased?
The rotation of the earth is the most important tool to
increase u, v coverage. The rotation causes baselines
to continuously shift. Although this makes the analysis more complicated, it is actually a boon to radio
astronomers, because the rotating baselines form tracks in the u, v plane. In this way, a much
larger section of the u, v plane may be polled than if the aerials were completely stationary.
This effect is important for the operation of the Event Horizon Telescope, and is visible in 25b.
Note that each track appears twice due to the Hermitian property.
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(a) Left: the dirty beam for a MERLIN observation. Right: The dirty map
of a double source using this beam [52, p. 237].

(b) The ’CLEAN’ image corresponding to the
MERLIN observation [52, p. 247].

Figure 26: Images from the English MERLIN telescope.

4.2.1

Inverting the Image

Once the complex visibility of a source of interest has been (partially) sampled on the u, v
plane, how is this information used to recreate the image? The most elementary way is by
performing an inverse Fourier transform on those parts of the u, v plane that have been sampled.
These segments of the u, v plane may be represented by a sampling function S(u, v). The nonzero locations of this function are simply the sampled tracks on the u, v plane. Therefore, the
observed complex visibility is the product of S(u, v) with the complex visibility:
V (u, v) · S(u, v) = V (u, v)obs .

(40)

Keep in mind that V (u, v) = FT [Bν (x, y)]. By applying an inverse Fourier transform and using
the convolution theorem it follows that the reconstructed brightness distribution is a convolution
of the brightness distribution B(x, y), and the so-called ‘dirty beam’ D(x, y):
B(x, y) ∗ D(x, y) = Bd (x, y).

(41)

The reconstructed brightness distribution Bd (x, y) is named the ‘dirty map’. The dirty beam
D(x, y) is also commonly called the ‘point spread function’, because it represents how a single
point (delta function) of brightness in the original image gets smeared out in the dirty map.
For an example of a dirty beam from a MERLIN observation, see the left image of Fig. 26a.
The middle image of the figure is the corresponding dirty map. As is visible, the dirty map
has many artifacts. One of the biggest issues is that it has areas of negative brightness due to
the absence of Fourier components. Additionally, the point spread function has clearly left its
imprint on the image. The so-called CLEAN algorithm is the most commonly used algorithm
to address these issues.
This non-linear deconvolution algorithm, first developed by Jan Högbom in 1974, iteratively
improves the dirty map. In each step, it identifies the point in the image with the greatest
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correlation with the dirty beam D(x, y). It is then assumed that a point source is located there.
This point source is positively added to a blank image, and the corresponding dirty beam is
subtracted from the dirty map. In this way a new image as well as a residual image are created.
This process is repeated until the residual image is exhausted down to the level of background
noise, and all point sources have been transferred. The new image is now the ‘CLEAN’ image.
See the right image of Fig. 26a for its result on the MERLIN image. Two point sources are
much more clearly visible than in the dirty map.

4.3

Atmospheric Effects, and More

Several factors are extremely important to take into account, or else they may foil a VLBI
image. These include operating accurate frequency standards at each site, synchronising timing appropriately with atomic clocks, and determining telescope geometries to extremely high
accuracy [52, p. 277].
The atmosphere, however, is the most influential factor above all, and it is outwith human
control. It is therefore prudent to monitor the condition of the atmosphere closely, and adapt
measurements appropriately [52, p. 210]. At intermediate wavelengths down to approximately
2cm, the atmosphere does not significantly absorb radio waves (a few per cent). At the 1.3 mm
wavelength that the EHT operates at, this becomes significant, and for this reason the telescopes
are situated at high altitude [52, p. 210].
What is more problematic however, is propagation delays due to variable refractive indices in
the atmosphere. For the EHT, the major issue is water vapour blowing through the troposphere,
continuously changing the optical pathlength [52, p. 211]. This destroys the phase information.
Such a system is said to be phase unstable, which makes the production of images impossible.
For small phase differences, of less than a radian, this effect can be calibrated away by using a
nearby known compact source as a reference [52, p. 211]. For a long time, these issues were
too great for VLBI, meaning that phase information was unavailable [52, p. 249]. This is what
makes the EHT special, that it can not only observe at 1.3mm wavelengths, but also capture the
phase information.
Progress was made by identifying phase information, called the closure phase, that is not lost
despite atmospheric effects. Additionally, a self-calibration procedure was developed in the
1980s, that enabled optimal phase solutions to be determined in steps, by iteratively running
the CLEAN algorithm and correspondingly adapting phase information at each step [52, p.
249-253].
Finally, the various clocks and frequency standards used in VLBI, despite their high quality,
have small offsets and inaccuracies, causing them to drift from one another. These must be
determined and corrected. This is an extremely vital and common aspect of VLBI analysis,
and is called fringe fitting [52, p. 280].
All these algorithmic and technological improvements together, mean that the EHT is now able
for the first time to fully determine complex visibility information at 1.3mm wavelengths, and
thus image M87*.

33

4.4

Imaging Comparison: M87* and a Guitar

How effective are these tools? To give an idea of the quality of the black hole image, we used
the tool ”APSYNSIM” to simulate a radio interferometer [55]. APSYNSIM is used to train
graduate students in radio interferometry. It can be configurated with an arbitrary interferometric array to image any model.
APSYNSIM was setup as a toy-model interferometer to image a guitar that belongs to one of
the authors (Fig. 27b). An array with similar u, v coverage to the EHT was configured, as
is visible in Fig. 27a. Compare this with 25b. The largest baseline was chosen so that the
toy-model has the same resolution as the EHT. The original image of the black hole has a size
of 100x100 microarcsec and a resolution of 25 microarcsec. The guitar image has a size of
100x100 arcsec, and therefore a baseline with 25 arcsec resolution was chosen.
Dirty (Fig. 27c) and CLEAN (Fig. 27d) maps were made for this setup. The dirty image
was created automatically, whereas the CLEAN image needed additional human-input, such as
choosing the algorithm to be iterated 245 times. To demonstrate the effect of larger baselines,
the process was repeated with three times larger baselines, giving images with a resolution of
8.3 arcsec. These are displayed in Fig. 27e-f.

4.4.1

Discussion of Image Features

The guitar was chosen because of its combination of large and smooth, and small and refined
features. The low resolution dirty map (Fig. 27c) of the guitar has lost most of its features,
and is more similar to a pear. Most notably, the neck has been lost completely. This absence
is characteristic to interferometry, because the resolution is too low, and the neck is relatively
dark. In this case, the CLEAN image removes artifacts, but does not significantly improve the
image quality, because that is simply limited by the resolution.
Tripling the baseline vastly improves the resolution, as is visible in Fig. 27e. The neck is now
identifiable. Certain parts of the body have however lost their brightness. This is because short
baselines are important to see large, smooth structures, but even the shortest baseline is now
very large. Therefore, the sensitivity of the toy-model to low-frequency Fourier components
becomes poor. The CLEAN algorithm addresses a lot of these issues, and the CLEAN image
(Fig. 27f) is very similar to a guitar.
Examining the results from this toy-model and comparing them to the black hole image in
Fig. 1 allows us to gain some intuition. We can draw a number of conclusions:
• Very general, broad, image shapes are mostly preserved.
• Small features are lost due to limited resolution. Even long, but thin features are lost.
• The absence of short baselines means that the instrument is insensitive to slowly varying
areas of brightness. This is one of the reasons why the jet is not visible in the image.
• The CLEAN algorithm removes many artifacts from dirty map, but cannot significantly
increase resolution.
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(a) Demonstration u, v coverage

(b) Guitar original image.

(c) Guitar dirty map.

(d) Guitar CLEAN map.

(e) Dirty map with 3x larger baselines.

(f) CLEAN map with 3x larger baselines.

Figure 27: Screenshots from the APSYNSIM tool showing the response of a radio interferometer
pointed at a guitar. Images (c) and (d) have a baseline resolution of 25 arcsec. Images (e) and (f)
have an increased resolution of 8.3 arcsec.
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5

Imaging Methods and Data Processing

In this section, we will discuss the process through which an image of the black hole was
generated using the data from VLBI. We will look at how the data from VLBI was managed,
processed, analysed and how it was used to reconstruct the image. Throughout this section,
we will also discuss the difficulties the EHT collaboration faced regarding these tasks. To
conclude, we will briefly discuss how the image can be used to obtain physical information
about M87* and whether it is a true representation of what lies at the heart of M87.

5.1

Practical challenges

Conducting VLBI at the scale of the EHT and at the millimetre and sub-millimetre scales is a
monumental task and requires copious amount of data processing and management, which only
became possible through recent technological advancements. For the EHT to have the desired
sensitivity, high bandwidth is required and over the past 30 years, instantaneous bandwidth
increased by a factor of 30, while noise temperature decreased by a factor of 10 [2, p. 8].
The EHT sites currently employ superconductor - insulator - superconductor (SIS) receivers
that operate at a bandwidth of 4-12 GHz [2, p. 8]. The coherent analog signal is digitised
into 8Gbps streams and recorded into hard drives. Each site employs 4 recorders that write
information at a rate of 16 Gbps to 32 hard drives respectively. This corresponds to a total rate
of 64 Gbps across 128 hard drive for each site. This represents a 64-fold increase in recording
rate, which gives an 8-fold increase in sensitivity compared to the start of the EHT program in
2004 [2, p. 8]. Furthermore, EHT sites are typically located on high altitudes where the ambient
pressure is lower. This requires the use of sealed, helium-based hard drives [2, p. 8]. Over a
6-day observation campaign, each site would store 1-2 PB of information, corresponding to
about 15 PB of information across all sites [2, p. 8].
Another major challenge in collecting data via VLBI, is the observation timing, primarily influenced by variation of the weather across the multiple telescope sites. Since the telescopes
act as an array, it is essential to have clear weather across all sites during measurements. The
data for the image were collected on April 5th , 6th , 7th 10th and 11th 2017 and although data
collection was also planned during April 8th and 9th , observation was not triggered at all due to
strong winds, thunderstorms and snow [3, p. 2]. The data was collected by the eight telescopes
shown in Fig. 28, whose primary target was the supermassive black holes M87* and its secondary target was the black hole 3C279 [3, p. 2]. The secondary target was used as a post hoc
consistency check to the calibration of the array [4, p. 24]. Observation occurred in 3-7 minute
time-slots and alternated between the primary (M87*) and secondary (3C279) target (Fig. 28).
This was done to allow for the characterisation of the visibility variation of the targets [3, p. 3].

5.2

Data Processing

Due to the sheer volume of information, the data cannot be processed on site and instead are
separated into two frequency bands. These are then shipped to the two VLBI correlators, one
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Figure 28: EHT 2017 observing schedules for M87 and 3C 279 covering the four days of
observations. The telescope initials correspond to Atacama Large Millimetre/sub-millimeter Array
(ALMA), Atacama Pathfinder Experiment (APEX), IRAM 30m telescope (PV), South Pole
Telescope (SPT), Large Millimeter Telescope (LMT), Sub-millimeter Telescope(SMT), James
Clerk Maxwell Telescope (JCMT) and Sub-millimeter Array (SMA). The rectangles in the figure
represent time-slots where observation occurred (filled) or was planned but didn’t occur (empty).
The width of the rectangles corresponds to the duration of the observation. [3, p. 4]

of which is at the MIT Haystack Observatory and the other is at the Max-Planck-Institut für
Radioastronomie [2, p. 14]. The hard disks are physically transported by either planes or
ships to the correlators. Depending on how remote the location of each site is from the central
correlators, the shipping process can take months to complete. The correlators use delay models
named the Earth and clock models (Fig. 30) which take into account the geometry of the
observing array, the location of the object observed and its orientation to the observatory, as
well as atmospheric contributions to the delay, to align the data from all observatories to a
common time frame [3, p. 4]. The correlated data are then averaged in both frequency and time
before the fringe-fitting process, which results in the reduction of the data volume by a factor
of 1 million [2, p. 15].
The data is then further reduced by a factor of 1000 via calibration pipelines. These are computational pipelines whose primary purpose is the conduction of the fringe-fitting process which
applies small corrections to the delay model to maximise fringe amplitude [3, p. 3, 5]. ALMA
is used as the reference station on which the fringe-fitting process occurs, as it is the most
sensitive component of the array [1, p. 3]. This significantly raises the EHT’s sensitivity by
eliminating signal noise and also helps maximise fringe amplitude. Fig. 29 shows the effect
that ALMA has on the quality of the fringe-fitting process [2, p. 14].

5.3

EHT Calibration

As the EHT is a compound instrument, it is important to quantify the stability of the performance of each site. This is known for sites that have been in operation for many years but
can be hard to quantify for newer sites such as the LMT an SPT [4, p. 7]. It is also possible
to perform network calibration of nearby sites. This is not possible for the two most under
characterised sites SPT and LMT [4, p. 7]. In these cases, it is necessary to perform amplitude
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Figure 29: The effect fringe-fitting has on the fringe amplitude after its application on the data ,
including the ALMA dataset (right) and without including the ALMA dataset (left). It is clear that
including the ALMA dataset maximises fringe amplitude whilst minimising signal noise. [2, p. 15]

calibration (gain variation), as signal amplitudes can vary significantly if the telescope dish is
defocused or changes pointing direction. These factors have to be accounted for and the necessary corrections have to be applied. Other thermal and systematic errors, applicable to all
telescope sites, also have to be characterised and corrected before the data calibration process
is complete. This process is summarised in Fig. 30 [4, p. 7].

5.4

Imaging Methods

The reconstruction of the black hole’s image is arguably one of the most daunting tasks of the imaging process. This is because an interferometer incompletely samples the visibility domain and thus applying the inverse operation leads to the reconstruction
of an image where information is missing and is not
unique. This requires assumptions to be made and constraints to be enforced during the reconstruction process [4, p.4]. Furthermore, imaging algorithms may
favour certain image properties over others (e.g. image smoothness and resolution) [4, p.4]. There are two
main approaches to reconstructing an image, inverse
and forward modelling.

Figure 30: Data processing pathway of
the EHT summarising the data
reduction processes, starting from the
signal received from the telescope
antennas to obtaining the data-set to
be analysed and used for image
reconstruction. [3, p. 4]

The purpose of inverse modelling is the reconstruction of the source image from limited sampling of the
u,v plane. However, a straightforward inverse Fourier
transform introduces unwanted effects on the reconstructed image. The CLEAN algorithm is used to eliminate these effects. Multiple iterations of the CLEAN
algorithm have to be used to reconstruct the image [4,
p.4]. Furthermore, a self-calibration routine is used between iterations that accounts for the
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gain variations on the signals that have been assigned to each station as a result of the calibration process (outlined in Fig. 30) [4, p.4]. The above process is steered by human input, which
may affect the result and needs to be mitigated.
In forward modelling, a potential image is created based on a model with several parameters.
The Fourier transform of that image’s pixels is taken and compared directly with the calibrated
data (which is also a Fourier transform) [4, p.4]. Although such methods are less commonly
used in VLBI than the CLEAN algorithm, they can impose constraints and consistency measures on image properties more easily than CLEAN. In this method, the goal is to find an image
that minimizes the objective function J(I) [4, p.4]:
J(I) = ∑ αD χD2 − ∑ βR SR (I).
D

(42)

R

Where χD2 describes the goodness of fit between the model and the interferometric data with
weight αD . SR are regulariser functions with weight βR that favour certain values of quantities
(e.g. total flux image flux and pixel entropy), in order to fix them [4, p.4]. Due to Eq. 42
analogy to the log-likelihood of a posterior probability, this method is called the regularized
maximum likelihood (RML) method. Minimising Eq. 42 can lead to a complex, non-linear
optimisation problem and thus, as with the CLEAN algorithm, iterative loops are run to selfcalibrate the data [4, p. 5]. Furthermore, the goodness of fit and regulariser functions, as well
as their weights, have to be defined by humans, which can incorporate bias in the results.

5.5

Team Structure

The major problem with both imaging methods summarised above, is the fact that they require
user input. Examples of this include the specification of the self-calibration process of the
CLEAN algorithm and what weights are chosen for the data and regularizer terms (αD and
βR ) in the RML method [4, p. 9]. Furthermore, this is the first time VLBI imaging has been
conducted in the 1.3 mm scale. Taking into consideration that no images of a black hole or an
event horizon exist at any wavelength, it is very easy for false confidence and collective bias in
human input to jeopardise the results of the image reconstruction process [4, p. 9].
To tackle this problem, the EHT collaboration employs a technique known as “Blind imaging”.
In the case of the reconstruction of this image, the task was undertaken by four different teams,
where two of them would be using inverse imaging (CLEAN) and the other two would be using
forward modelling (RML) [4, p. 9]. The teams were not allowed to share any information
or have access to each other’s work. Furthermore, no restrictions on data processing or the
imaging procedure were imposed on any team to independently arrive at unique reconstructed
images [4, p. 4]. After seven weeks, the four independent images were compared (Fig. 31),
and the common features between all images were identified. The most prominent feature was
a ring structure of approximately 40µas in diameter. This is a very important feature as it acts
as a constraint to further modelling, as it was reproduced by all teams and thus is most likely
a true feature of M87*. Hereafter, communication was once again allowed between the teams
and the focus shifted towards exploring and fitting the imaging parameters, such as the field of
view, pixel entropy, total flux and convolution width of the image [4, p. 4].
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Figure 31: The resulting images from each imaging team in the blind-imaging stage, using data
from observations made during the 11th of April 2017. The two leftmost images were generated
using the RML method and the two rightmost images were generated using the CLEAN algorithm.
All images share a ring structure with diameter of approximately 40µas but have significant
variation in their brightness, especially between different methods. [4, p. 10]

Figure 32: Images of the synthetic data used to test the ability of the imaging method of each
team in identifying the features shown above: Ring, Crescent, Disk and Binary system (top left to
right). [4, p. 11]

5.6

Synthetic Data

Consistency of the key features of the reconstructed images throughout the imaging method is
imperative in the non-blind imaging stage, as it serves as validation for the choices made during
the blind imaging stage. To that end, synthetic data with similar visibility amplitudes to the
observations from M87* were imaged by each team to test the consistency of their methods.
The synthetic data used corresponds to four different potential features of M87*: a tapered
ring, crescent, disk and two circular components, which can be found on Fig. 32. This was
done to test the sensitivity of each team’s method and their ability to differentiate these special
features associated with black holes [4, p. 11]. In a way, the synthetic data served as a means
of training the imaging algorithms in the identification of imaging parameters and allowed the
teams to assess the similarity of two images without human intervention. In order to generate
the synthetic data, the amplitude gains of each station, baseline coverage and sensitivity of the
EHT array during each day of observation were accounted for. This allowed the synthetic data
to receive the same treatment as the VLBI data in the image reconstruction process and helped
characterize the uncertainty and variability of the newer stations (LMT and SPT) [4, p. 12].
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Figure 34: The averaged fiducial images across the four days of observation. [4, p. 21]

5.7

Image Optimisation

After each method was tested, the teams collaborated as a single group in order to obtain the
most accurate reconstruction of the image, which will be referred to as the original image. To
that end, the imaging parameters of both the synthetic and the actual M87* data were varied.
This was done through three pipelines developed by the EHT collaboration, whose purpose
was generating two image libraries to be compared [4, p. 11]. Each pipeline uses a fixed set
of imaging parameters and varies another set of parameters for both the synthetic and the real
M87* data. Two libraries of images were created, one of which spans the parameter space of the
initial image reconstructed via the CLEAN algorithm called the Inverse Modeling (IM) library,
while the other spans the parameter space of the synthetic images, the synthetic library [4, p.
10]. The two image libraries are compared and the set of imaging parameters that are thought
best describe M87* are chosen based on two criteria. The first criterion is that for an image
from the IM library to be chosen, it must be similar to the image created using the original data
(original image). The second criterion is that each image in the synthetic library corresponding
to the same set of parameters as the chosen image, has to be sufficiently similar to the chosen
image. The first criterion ensures that images that are inconsistent with the VLBI data (original
image) are not chosen. The second criterion ensures that the parameters corresponding to the
chosen images give similar reconstructions to the original image across all models for the black
hole, but primarily to the ring and crescent models. The sets of imaging parameters that fulfil
both criteria are selected as the “Top-set” [4, p. 15]. A flow chart of the process through
which the Top-set parameters were obtained can be found on Fig. 33. Each parameter in the
Top-set was ranked based on its performance and the best performing set of parameters were
found. Those were called the fiducial (best) parameters and they were the parameters used to
reconstruct the fiducial images [4, p. 9]. The fiducial images across the three pipelines were
averaged (i.e. blurred to the point of being indistinguishable) to generate the reconstructed
image for each day of observation as shown in Fig. 34.
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5.8

Summary and Remarks

Imaging M87* was arguably one of the biggest scientific achievements of the past decade, but it was also
a tremendously difficult task, since VLBI was conducted at a groundbreaking scale and for an object that
has never been imaged before. The difficulties associated with data collection were overcome by employing cutting-edge receiver technology and clear weather
across most telescope sites during most days of observation. The vast amounts of data were processed in
external facilities, which expedited the process and allowed for data from multiple sites to be available at one
location. The most challenging task was the image reconstruction process, mostly due to the requirement of
human guidance throughout the process. To minimise
human input as much as possible, the imaging process
started with a blind imaging stage, where four teams
participated, using two imaging methods (CLEAN and
RML). After comparing the results and identifying the
common features of M87*, the teams begun working
together and trained their imaging methods on synthetic data representing potential models of the black
hole. After exploring the imaging parameters of the
models, the fiducial imaging parameters were identified after a computational selection process, they were
then used to reconstruct the final images of the black
hole using the original VLBI data, effectively removing any human input in the imaging process. Based on
the above, the image by the EHT collaboration is not Figure 33: A flow chart representing
the selection process through which the
only a true representation of what M87* looks like, but
Top-set of parameters is formed.
also consistent with our current (very limited) understanding of black holes. To conclude, this monumental
achievement wouldn’t be nearly as significant if the EHT collaboration did not go to great
lengths to eliminate human intervention and conduct their project in the most unbiased manner
they possibly could.
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6

Interpreting the Physical Implications of the Observations
From the EHT

Although an image of M87* was obtained, this alone gave little new insight into how black
holes work. More pertinently for us, the question of whether this is a black hole at all remains
unanswered.
This section is devoted to studying how the EHT collaboration was able to use the image to
study the physical properties of the object at the centre of M87. We will look first at the use of
General Relativistic Magnetohydrodynamic (GRMHD) simulations by the EHT collaboration
[4]. As we shall see, GRMHD simulations attempt to describe the flow of a hot, turbulent
plasma orbiting a black hole.
Next we will look at how GRMHD models produce simulated images of black holes, allowing
for physical models with different parameters to be tested. To do this the EHT collaboration
ran a multitude of GRMHD simulations to fit the black hole parameters to the observations,
generating a large simulation library. The idea is that by reconstructing the images in the
Simulation library, an Image library is generated and compared to the reconstructed images of
M87*.

6.1

GRMHD

GRMHD simulations are vastly complex, drawing from a wide variety of areas in physics.
Magnetohydrodynamics joins together the disciplines of hydrodynamics and electromagnetism,
focusing on the interactions of electrically conducting fluids [56, p. 2-4]. Modelling systems
of this kind is a non-trivial task requiring the equations of Navier-Stokes’ fluid mechanics and
Maxwell’s electromagnetism to be simultaneously solved, a tough task when using numerical
integration methods [57, p. 27-32]. This process is important for understanding many astrophysical processes, especially in modelling stars. GRMHD take this field of study to a new
level, adding the equations of general relativity into the modelling process. It is the most advanced way to model black holes, allowing for accurate studies of accretion discs, relativistic
jets, and magnetic structure [58] (see Fig. 35).

Figure 35: GRMHD simulations capture many of the key elements of black hole dynamics. Note
the accretion disk in orange and the jet in grey [59]
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6.2

Establishing Model and Image Libraries

The April 2017 EHT observation data showed an extraordinarily blurred image with an antisymmetric, crescent-like ring at M87’s Galactic Nucleus is (Fig. 36). How can we begin to
physically interpret this image without being able to see fine details?

Figure 36: EHT Observation data compared with GRMHD simulations. Notice how fine details of
the black hole dynamics are lost. [5, p. 2]

First, the EHT collaboration presents a basic hypothesis: the object observed is a Kerr black
hole with a dimensionless spin constant of −1 < a∗ < 1 and a fast-moving accretion disk which
is magnetized, and thus has a single, dimensionless magnetic flux value, φ [5, p. 2].
In order to discern what the observations imply about the nature of the object, it is necessary
to compare the observed data to a vast library of simulated black holes based on GRMHD simulations [5, p. 3]. Running detailed GRMHD simulations provides a physical model through
which a black hole can be actualised and allows the fitting of its physical parameters. The
comparisons drawn between these simulated models and the observation data can help to test
the original hypothesis and, in a way, deepen our understanding of the observed object.
GRMHD models are initialised with varying a∗ and φ . Flux arises from the black hole’s magnetic field flowing past the event horizon by the accretion mechanism – something we looked
at in Section 3. Varying the flux value helps to distinguish two distinct model types:
• ‘Standard and Normal Evolution’ (SANE) models, where the black hole has φ ' 1.
• ‘Magnetically Arrest Disc’ (MAD) models, where φ = φmax ' 15.
In SANE systems the accretion disk is weakly magnetised and thus the overall magnetic field
plays no substantial dynamical role – it only helps to drive the black holes’s angular momentum.
On the other hand, MAD systems have high enough values of magnetic flux to drastically alter
system dynamics [60]. As one can imagine, these result in two models for the black hole which
are vastly different both topologically and physically.
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6.3

How Models are Matched to the Observations

The simulation library used by the EHT collaboration contained 43 different GRMHD models,
with a range of spins for both MAD and SANE model types (Fig. 37) [5, p. 4]. Based on these
simulations, thousands of sample images - more colloquially, ‘snapshots’ - of the AGN can be
constructed. The goal now is to compare each of these to the EHT observations. If similarities
are found, then we can start to identify some of the physical features of M87*.

Figure 37: Examples showing a variety of SANE models for a range of parameter values. The
white arrows indicate the direction of the spin vectors. Temperature here is indicated by image
’brightness’ - increasing the Rhigh value results in a decrease in temperature; hence, the lower
images appear far darker and less noisy than the top [5, p. 6]

On top of the two parameters of spin and flux from the initial GRMHD models, the snapshots
also contain the following parameters: Rhigh (the ratio of ion temperature versus electron temperature), i (inclination of observations), PA (jet position), M (mass), and D (distance) [5, p. 7].
To directly compare the images to the data, we can alter the images to accommodate different
values of these parameters. In particular, rotating an image is akin to changing the direction of
the jet and re-scaling an image is akin to varying the total flux (Fig. 38).
Assume the original hypothesis (that the central object is a black hole described by the Kerr
Metric) is true. Using statistics, the snapshot images can be tested against the observations
using a reduced chi-squared test, searching for a fit of χν2 ' 1 [61, p. 109]. Here, a sufficiently
large number of models are tested by varying the model parameters, as to obtain the best possible fit. To do this for so many different image comparisons, the EHT collaboration use a
combination of Monte-Carlo algorithms and optimization programs (see ‘THEMIS’ [62] and
‘GENA’ [63] documentation for more detail). However, due to the unstable and unpredictable
nature of GRMHD simulations and high signal-to-noise ratio of the EHT [5, p. 8], we are unlikely to obtain a good estimate for the fit at χν2 = 1. It is therefore necessary to try to narrow
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Figure 38: A simple diagram to show how snapshots can be re-scaled and rotated to account for
changes in the black hole parameters [6, p. 14]

down the models further.

6.4

Constraining the Models

One way to constrain the models is identify the physical aspects of the stellar object in question.
For example, consider the following approximation relating the angular size of the photon
capture radius to the black hole mass:

θcapture ≈ ρ

GM
[7].
Dc2

(43)

√
ρ ( = 27) is a gravitational lensing factor and D is the distance to the black hole [1, p. 2].
The angular size of the photon capture radius can be obtained quite easily due to the clarity
of the asymmetrical ring in the image data, and thus Eq. 43 is a tidy way to estimate the
mass to distance ratio. The jet’s position angle can also be found in a similar fashion. Once
decent estimates for these values are found, they can be used to constrain the model libraries,
eliminating any models which don’t fall within the estimated parameters as they would be
deemed unrepresentative of the stellar object.
Although constraining the model in this way helps to narrow down the snapshots to a certain
degree (mainly implying that the black hole has a non-zero a∗ value), they alone are not good
enough to rule out many models in the library [5, p. 10]. The reason for this is likely due to the
structure of the image being based on the photon ring, which is a direct result of gravitational
lensing. Therefore, factors like the nature of the jet and the mass to distance ratio play a
relatively small role.
In order to constrain the data further, we can try to cleverly apply some known facts about AGN
and black Hole Physics; naturally, many snapshots that contain parameters that lie outside the
values which have been theorised or observed can be rejected. There are three potential constraints to investigate: which models are at radiative equilibrium, which models are consistent
with measurements of the spectral energy distribution (particularly, the black hole should produce the right amount of X-ray radiation), and which models have a sufficiently powerful jet at
large scales. The latter turns out to be the most important factor since the others fail to reject
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many models [5, p. 11].
Over the years, there have been many estimates of the M87* jet power. These range from 1042
to 1045 ergs−1 . The ‘erg’ is a unit of energy equal to 10−7 joules [64]. However, constraining
the observations using a rather conservative, low-estimate value for the jet power still rejects
many of models in the library. For example, we can instantly tell that the black hole must be
spinning (i.e. a∗ 6= 0), since all models with a non-sinning black hole have a jet far too powerful.
This confirms the earlier suspicions. Applying this constraint also implies that SANE models
are generally less likely compared to MAD. In the end, the models which survive suggest
that the jet points away from earth in the sky, and that it is powered by the Blandford-Znjnek
process. The remaining models also imply that the hypothesis that the object is a Kerr black
hole, is true [5, p. 18].

6.5

Alternative AGN Compact Objects

Space is vast and holds many mysteries. Many other super-compact objects have been theorised
to exist; what if M87’s central object was not a Kerr black Hole, but something stranger? Could
the observations account for this? Here we will consider black holes with extra external fields,
black holes under modified theories of gravity (MOG) and theories of quantum gravity, as well
as some very bizarre and exotic black hole ‘mimickers’ - extremely compact objects that with
current experimental techniques are quite hard to tell apart from black holes.
Black holes with additional fields could include black holes with an overall electromagnetic
charge (eg., see [35]), or even a black hole under the influence of the cosmological constant
[65]. The cosmological constant describes the energy density of space and helps to characterise
the acceleration of the expansion of the universe. Black holes of this type are hard to fully
distinguish from simple Kerr black holes. Similarly, black holes under MOG and quantum
gravity that have appeared in recent studies were shown to suffer from similar distinguishability
issues.
Generally, many theoretical ‘horizonless objects’ may look similar to black holes. A good example of such objects are ‘Boson Stars’ - stars which are formed of mainly bosons, as opposed
to fermions [66]. If such an object were to exist, it would exhibit extreme gravitational properties similar to that of a black hole [67], which would bend light around it and exhibit black
hole-like features. In work performed by Olivares, H et. al. [68], non-rotating boson stars are
studied using GRMHD simulations similar to the ones seen in our key papers [5, p. 17]. They
found that boson stars models tend to generate images which are smaller and more symmetric
than those taken of a Kerr black hole. They also conjecture that these are properties which may
hold more generally for other horizonless objects.
The heart of the matter is that these types objects are far-fetched and difficult to test for. Applying Occam’s Razor, it is perhaps best to discard them as legitimate theories. Maybe doing
this will prove to be unwise; as imaging techniques evolve, we will be more capable of discriminating them from each other. But for now, they remain great entertainment for educated
minds.
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7

Concluding Remarks

We have addressed a vast scope of topics in this report; from the theoretical origins of black
holes (Section 2), to the EHT Collaboration’s results (Section 6), we have seen how numerous
fields in physics (Section 3) have been applied during the process of imaging (Section 4) and
data-analysis (Section 5).
The most important question throughout the report has been whether the image produced by
the EHT (Fig. 1) truly constitutes the first image of a black hole? We can provisionally answer
yes to this question: first of all, visual features such as the shadow, the asymmetric ring and
the size of the emission region all support the identification of the object as a Kerr black hole
2.6. These correspond to the trapping of light behind the Event Horizon, Doppler beaming,
and the appropriate radii for a black hole of ∼ 6 · 109 M . A toy-model has given intuition for
the limitations of the image 4.4. Careful analysis excludes alternative theories with significant
deviations from the conventional Kerr black hole model behaviour [5, p. 17]. Furthermore,
the use of diverse imaging models, independent teams, and the development of a bias-free
CLEAN imaging algorithm by Katie Bouman [7], reasonably exclude the possibility of human
interference introducing bias to the image. Therefore, within the resolution capabilities of the
EHT, it can be concluded that a supermassive Kerr black hole corresponding to M87* has
convincingly been imaged.
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A
A.1

Mathematics Appendix
Manifolds and Parallel Transport

An open ball in Rn , with radius r and centre at point y=(y1 ...yn ), is defined as:
n

|x − y| ≡ [ ∑ (xµ − yµ )2 ]1/2 < r.

(44)

µ=1

A manifold M consists of pieces that behave like open sets in Rn locally.
Given V as a vector space and V ∗ as its dual vector space in dimension n, the tensor T will be
of type (k, l), if it maps k dual vectors and l vectors to a real number linearly. Parallel transport
is defined as:
...bk
t a ∇a Tcb11...c
= 0.
(45)
l

A.2

Ricci Tensor and the Scalar Curvature

Ricci tensor Rab is essentially defined as:
Rab = Rbabc .

(46)

The trace of the Ricci tensor R, will be named as the scalar curvature:
R = Raa .

A.3

(47)

Black Hole Astrophysics

For the non-zero angular momentum per unit mass H of a Kerr-black hole, we define H =
c2 h/GM, the minimum corresponding to a stable circular orbit is at:

rISCO =

i
GM h 2
4
2 1/2
H
+
(H
−
12H
)
.
2c2

(48)

with a = H/c and b = GMc2 :
n
o
1
2
rmin = b 3 + A2 ± [(3 − A1 )(3 + A1 + 2A2 )] .

(49)

Here, the plus and minus signs correspond to particles rotating in the same or opposite sense as
the black hole respectively and where

49

1

a 1
a 1i
a2 3 h
3
A1 = 1 + 1 − 2
(1 + ) + (1 − ) 3
b
b
b
 21
 2
3a
+ A21 .
A2 =
b2

(50)
(51)

Note that for a = 0 (ie. the non-rotating case), one recovers rmin = 6b = 3Rs as before.

A.4

Interferometry Derivations
S12 (s, ν) = Re1 (s,t)Re∗2 (s,t) = Re1 (s,t)Re∗1 (s,t) exp(−i2πν(τg − τi ))
= |Re1 (s,t)|2 exp(−i2πν(τg − τi )).

Z

S12 (ν) =

Z4π

=
Z4π

=
4π

(52)

A(s0 + σ )Bν (s0 + σ ) exp(−i2πν(b · s − τi ))dΩ
A(σ )Bν (σ ) exp(−i2πν(b · (s0 + σ )/c − τi ))dΩ
A(σ )Bν (σ ) exp(−i2πbλ · σ )dΩ.
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