
Black holes are about as exotic an
object as you can get – something
so dense that not even light can

escape from the pull of its gravity. What
are they? How do they form? And how
can we possibly study them? These are
some of the fundamental questions that
astronomers and physicists have been
asking over the last century and a bit. 

Although scientists toyed with the idea
of super-dense objects as early as the late
1700s, it wasn’t until Albert Einstein came
up with his theory of general relativity in
the early 1900s that the concept really took
shape. Einstein theorised that the speed of
light is a cosmic speed limit, that space and
time are closely linked, and that this four-
dimensional “space-time” is curved. 

The latter concept predicts that the
environment around massive objects will
be distorted by their gravity so that matter
– and even light – no longer travels in

straight lines. The more massive an object
is, the greater the distortion around it. 

Shortly after this famous theory was
published, Karl Schwarzchild showed that
if enough mass was contained within a
small enough radius, the gravitational field
would be so strong that nothing could stop
that object from collapsing to a single point.
This radius is determined by the mass of the
object, and the “surface” that it defines is
known as the event horizon. Around such
a collapsed object the distortion would be
so great that the region inside the event
horizon would be closed off from the rest
of the universe, as if a hole had been torn
in the fabric of space-time. Even something
travelling at the speed of light would not be
moving fast enough to escape it and, as
nothing can travel faster than light,
anything that crossed the boundary would
never be seen again. Such an object would
absorb all light that fell upon it while radi-

ating nothing in return. These objects were
dubbed collectively “black holes”.

Although the existence of black holes
was theoretically possible, the fact that they
would absorb all light that fell into them
meant they were quickly dismissed as a
theoretical oddity with no practical rele-
vance. After all, how do you prove the exis-
tence of something that is invisible? 

Making a Black Hole

In the 1930s Einstein’s theory was used to
show that a star that has stopped burning
fuel will collapse if its core is more massive
than ~1.44 times the mass of the Sun. Stars
are very massive objects with strong grav-
itational fields, and the reason they don’t
collapse under their own gravity is because
the processes by which they burn fuel create
forces that oppose gravity. When the star
has spent its fuel, this pressure is removed
and the star will contract. 

For stellar cores less massive than ~1.44
solar masses the contraction will stop at
some point due to the reluctance of elec-
trons to be squashed together. A compact
star of this kind is known as a white dwarf. 

For stars with cores more massive than
~1.44 solar masses, the pressure resisting
further collapse is not enough to overcome
the force of gravity. The star collapses
further until all the electrons are pushed
into the protons, creating an incredibly
dense solid ball of neutrons known as a
neutron star. 

Neutrons are even more reluctant to be
squashed together than electrons, but even
they have a limit on how much pressure
they can withstand. Extinguished stellar
cores more than about three times the mass
of the Sun would have such enormous grav-
itational fields that nothing could stop
their complete collapse. The lives of the
most massive stars are thus predicted to
end in their collapse into a black hole

How Do you See The Invisible?

When a high mass star runs out of fuel it
is expected to end up as a black hole. But
how can we possibly see something that

Jan/Feb 2010 | | 17

BlAck HOlES:
The Missing link
By SEAn FArrEll

Evidence for the existence of small and very large black holes is
quite convincing, and now there is strong evidence for one in the
“medium” range.

An artist’s impression of the galaxy ESO 243-49, which hosts the brightest ultra-luminous 
X-ray source, thought to contain an intermediate mass black hole more than 500 times more
massive than the Sun (represented by the bright blue object to the upper-left). 
Image: Heidi Sagerud (heidi_sagerud@hotmail.com)



absorbs all light? The answer to this ques-
tion was provided in the 1960s when the
first X-ray detectors were launched into
space and found very bright X-rays coming
from a number of sources outside of our
solar system. This came as a big surprise as
astronomers had calculated that, apart from
our Sun, X-rays coming from stars should
be too faint to be detected by the early 
X-ray telescopes. 

The brightest X-ray sources seen from

Earth have mostly been found in binary
star systems, where a compact stellar corpse
such as a neutron star or black hole is in
orbit with another more-or-less normal
star. If the two stars are close enough, the
gravitational pull of the compact star will
strip gas from its companion. As the two
stars are moving around each other, the
stripped gas has a lot of rotational
momentum, and as momentum must
always be conserved the gas can’t just fall

directly onto the compact star. Instead it
forms a disc around it, swirling around like
water flowing down a drain. 

Friction between the gas molecules dissi-
pates some of the rotational momentum,
allowing the gas to spiral down until it can
fall onto the surface of the neutron star or
cross the event horizon of the black hole.
This friction causes the gas to heat up to
very high temperatures of around 
10 million degrees, making the gas in the
disc shine brightly in X-rays. 

The first black hole candidate in our
galaxy was discovered in the constellation
Cygnus using X-ray telescopes, due to the
bright X-rays produced in a disc around
the black hole. Black hole candidates
outside of the Milky Way were discovered
soon afterwards in the guise of bright X-ray
sources located in the middle of distant
galaxies. In both cases, the masses of the
objects producing the X-rays were esti-
mated to be too high to be anything other
than black holes. 

More recently, measurements of the
movement of stars around the central
regions of galaxies have allowed accurate
determinations of the central black hole
masses. In this manner, the mass of the
black hole at the centre of the Milky Way
has been estimated to be around four
million times the mass of the Sun. 

An additional method for detecting the
presence of a black hole was again provided
by Einstein’s theories. The distortion
around a black hole means that light from
an object behind it (e.g. a star or galaxy)
will bend around the black hole. This effect,
known as gravitational lensing, creates a
strangely distorted image of the background
object. 

As all of these methods of detecting the
presence of black holes are indirect,
astronomers refer to all the “known”
sources as candidates rather than definite
black holes. However, according to our
knowledge of physics, black holes must
exist in order to explain the extreme masses
that have been measured for these objects. 
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In this artist’s impression of the galactic
binary system cygnus X-1, gas is sucked

from a companion star and forms a disc
around the black hole. Friction heats the

gas to very high temperatures, producing
the emission of bright X-rays. 

Image: ESA/Hubble

Globular clusters such as
Omega centauri are very

dense spherical clusters of old
stars. The close proximity of

the stars in these clusters may
provide the necessary environ-

ment in which intermediate
mass black holes might form.

Image: nASA/JPl-caltech/M. Boyer et al.



Small and large, So Why 

not Medium?

The existence of stellar mass (~3–20 solar
masses) and super-massive (millions to
billions of solar masses) black holes is well-
established, but what about the gap in the
middle? Stellar mass black holes form when
a massive star dies, but the formation of
super-massive black holes in the middle of
galaxies is not so well-understood. 

One theory is that they were created as
primordial black holes during or shortly
after the Big Bang, and that the galaxies
later formed around them. Another theory
is that they formed through the successive
merger of smaller black holes during the
early stages of galaxy formation. If the latter
theory is correct, then at some stage there
must have been black holes in the inter-
mediate mass range.

Astronomers have long argued about
the existence of black holes with masses in
this medium range. Reports of discoveries
of intermediate mass black holes abound,
although none have been widely accepted
by the astronomical community. 

Part of the problem is that we don’t
know precisely how big black holes can get
through the collapse of a star. Early theo-
ries put a mass limit of around 20 solar
masses, but black holes as much as 30 times
the mass of the Sun have been discovered.
More recent research has predicted that
black holes as high as 80–100 times the
mass of the Sun can be created by stellar
collapse. 

Another problem is explaining how
medium-sized black holes might form. In
order for black holes to merge together to
create an object 100–1000 times the mass
of the Sun, you need a pretty dense envi-
ronment. Such an environment might be
found in compact groups of stars, such as
those known as globular clusters. These
clusters are spherical collections of stars
commonly found orbiting around galaxies,
almost like mini-galaxies in their own right.
They contain hundreds of thousands of
old stars in close proximity to each other,
so mergers and interactions are not

uncommon. Until recently, however, no
black holes had been reliably identified in
any globular cluster.

The Brightest of the Bright

Studies of the motion of stars near the core
of globular clusters have led to a number of
claims for the presence of medium-sized
black holes. The problem is that, unlike
super-massive black holes, intermediate
black holes won’t have as large an impact
on the stars around them so their presence
will be harder to detect. For example, a
dense collection of neutron stars may create
a similar effect. 

A more promising approach has been
through the study of ultra-luminous X-ray
sources. These objects are commonly found
outside the centre of distant galaxies, yet
shine far brighter in X-rays than would be
expected from a small black hole. 

The X-rays produced when gas falls into
a black hole interact with other gas mole-
cules, slowing their rate of fall. The more
gas that falls into a black hole, the more
radiation is produced, so there is a limit
where the pressure of matter falling in is
balanced by the pressure of X-rays coming
out. This limit is directly related to the
mass of the black hole, and puts a cap on
how bright a black hole can shine when
feeding. Therefore, by measuring the
brightness in X-rays of a black hole, we can
estimate how massive it might be. 

The masses estimated for ultra-lumi-
nous X-ray sources are typically in the range
of 100–1000 solar masses, putting them
squarely in the intermediate mass range.
However, a black hole could theoretically
feed at rates up to ten times its maximum
limit for short periods of time. 

Alternatively, if the X-rays are focused
towards us in some way by the disc around
the black hole (like a flashlight beams light
from a light globe) it could appear to be
brighter than it actually is. It is for these
reasons that ultra-luminous X-ray sources
are not widely accepted as containing inter-
mediate mass black holes.

The faintest of the ultra-luminous X-
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ray sources are only about four times
brighter than a black hole 20 times the
mass of the Sun, and are easily explained
without needing a particularly massive
black hole. The brightest of these objects
are ~40 times brighter, and require more
complicated scenarios to explain. Despite
this, they can still be accounted for without
a medium-sized black hole. 

Recently, using the European Space
Agency’s X-ray space telescope XMM-
Newton, our team discovered an ultra-
luminous X-ray source that was ten times
brighter than the previous record-holder,
making it ~400 times brighter than a stellar
mass black hole. This particular source is so
bright that focusing of the X-rays would
cause gas around the black hole to be accel-
erated to very high speeds. This would cause
jets of super-heated gas to be squirted away
from the black hole at close to the speed
of light, which would shine brightly in radio
wavelengths and have a very specific signa-
ture in X-rays. 

Looking at the source in X-rays and
radio, we found no sign of jets, so we can
rule out the possibility that focusing of the
X-rays by the disc is causing the black hole
to appear much brighter than it is. By taking
the very conservative view that it could be
feeding at 10 times the maximum rate, we
estimated, based on the measured bright-
ness, that the black hole must have a mass
of at least 500 times the mass of the Sun. 

Ours is not the first claim for the detec-
tion of a black hole in the medium range,
but it is the first time where other expla-
nations could be strongly ruled out. Time
will tell whether our claim can withstand
the close scrutiny of the scientific commu-
nity, but in the meantime it appears that the
likely existence of intermediate mass black
holes is becoming more generally accepted. 

Either way, continuing work in this field
is sure to provide more pieces to the puzzle
of how super-massive black holes in the
centre of galaxies are formed.

An expatriate Australian, Sean Farrell is currently a catalogue 

scientist at the XMM-newton Survey Science centre, the University
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colliding galaxies such as the
Antennae system host a

number of ultra-luminous X-
ray sources, some of which
may harbour black holes in

the intermediate mass range. 
Image: nASA/ESA/Hubble Heritage

Team/STScI/AUrA/B. Whitmore et al.

The spiral galaxy M74 contains many
X-ray sources (red dots), including a

number of ultra-luminous X-ray
sources that  may contain black

holes in the medium mass range. 
Image: nASA/cXc/U. of Michigan/J. liu et

al./nOrAO/AUrA/nSF/T. Boroson.
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