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Programme

• What are Black holes?

• Astronomical Evidence

• What are Gravitational Waves?

• The LIGO experiment

• The paper of 11 February 2016 and what 
followed 



Black Holes



Stellar Structure and Evolution

Gravity

Thermal
pressure

Nuclear energy generation

Radiation escapes
from the surface of
the star

Ordinary stars are held 
up by the pressure of 
hot gas.  The source of
energy is nuclear 
reactions in their
cores.



Stellar evolution
A time-lapse image
of an evolving star.
The shutter was

opened once
every 10

million 
years

We are here
Dead stars



Forms of Dead Star
There are three possible forms of dead star:

• In white dwarfs, the stars are held up by the 
quantum mechanical  pressure of electrons –
what holds ordinary stuff up.

• In neutron stars, the pressure support is provided 
by the quantum mechanical pressure of neutrons 
– what holds the nuclei of atoms up.

• If the mass of the remnant is greater than about 
2 to 3 times the mass of the Sun, the object 
collapses to become a black hole.



Special Relativity (1905)

• We live in space-time, not in space   
and time. 

• This realisation leads to Einstein’s 
mass-energy relation

E = mc2

Einstein’s Two Great Theories of 
Relativity



Matter bends space-time

Matter moves along paths in 
bent space-time

General Relativity (1915)

This is why the theory is somewhat 
complicated



Bending Space-time 

Euclidean flat 
space and time

Einstein bent 
space-time

because of the 
presence of 

mass



Illustrating the gravitational 
lensing of a distant galaxy by 

a cluster of galaxies.

This has become an important 
technique for studying the 

distant Universe.



Clusters of galaxies

A cluster of galaxies is about 50 times the size of our Galaxy.

Abell2218

HST

The arcs are the 
gravitationally lensed
images of very distant 
background galaxies. 



The Horseshoe Gravitational Lens

Hubble Space Telescope image



Spherically Symmetric Schwarzschild Black Hole

There is also a last stable circular 
orbit about the black hole

Black surface

In a black hole, the 
distortion of space-time 
is so extreme that light 
cannot escape from 
inside the black hole –
there is a black surface.



Maximally Rotating  Kerr Black Hole

Black surface

Black Holes can also rotate

Last stable 
circular orbit



How do black holes release energy?

If the matter fell directly into the black hole on a 
purely radial orbit, then no energy would be 
liberated at all.  However, it is most unlikely that 
the matter falls straight in,  because it must 
acquire some angular momentum, or rotation.  
The matter can collapse along the axis of 
rotation and forms an accretion disc about the 
axis of rotation.



Because of its rotation (or angular momentum), a rotating 
accretion disc is formed about the black hole as the matter 
falls in. 

Because of the effects of viscosity, the matter gradually 
drifts into the black hole, heating up the material and 
releasing its binding energy.

Accretion Discs about Black 
Holes





Black Holes – the 
Astronomical Evidence



Astronomical Evidence for Black Holes

Until recently, black holes were only 
detectable if they were close to a source of 
fuel or if they caused gravitational 
deflections of background objects. The best 
cases are:

• Stellar Black holes in X-ray binary
systems

• Black holes in active galactic nuclei.



Stellar Mass Black Holes in X-ray Binary 
Star Systems

V

About 20 X-ray binary 
systems have been 
discovered in which 
the mass of the X-ray 
emitter must be
greater than three 
times the mass of the 
Sun



Sketches of 
Stellar Mass 
Black Holes 

in Binary 
Systems

There are now 20 
cases in which there 
is convincing 
evidence for solar 
mass black holes in 
X-ray binary 
systems.



The Case of M33 X-7

This is the only known 
example of eclipsing X-ray 
binary which contains a 
massive black hole. The 
primary star is very luminous 
with mass 70 ± 6.9 M⊙. The 
duration of the eclipse 
enables the inclination to be 
determined. The mass of the 
black hole is 15.65 ± 1.45 M⊙.



Whole Earth in an Hammer-Aitoff projection



The optical sky in an Hammer-Aitoff projection

The plane of the Milky Way is along the central axis with the 
Centre of the Galaxy in the centre of the diagram. 



Zooming in on the Centre of our Galaxy

The video shows a zoom into the centre of our Galaxy 
where there is a massive black hole.  It also shows the 
motion of a gas cloud passing close to the black hole.



The Black Hole in the Galactic Centre

The centre of our Galaxy  contains a massive black hole with 
mass 3.6 million M


.  The animation shows the trajectories of 

stars near the centre, as well as a projection of what will 
happen to the gas cloud in the future.



The Black Hole in the Galactic Centre

The centre of our Galaxy 
(Sgr A).  The star S2, 
shown in red, has now 
completed  a full 
elliptical orbit about the 
black hole in the centre 
of our Galaxy.  Its mass 
mass about 3.6 million 
M


.



Supermassive Black Holes in the Nuclei of 
Galaxies

Most massive 
galaxies must 

possess 
supermassive
black holes in 
their nuclei.

M31 M87

3C273NGC4151



X-rays from Accretion Discs 
about Black Holes

The hottest gas
is located close
to the last
stable orbit

The hot gas emits intense X-ray radiation and
X-ray fluorescence lines of iron have been

observed from the innermost regions



X-ray lines from Accretion Discs 
about Black Holes

Fluorescent line of 
ionised iron

X-ray energy (kev)

Intensity

4             6              8

Gravitational plus 
Relativistic Doppler

Shifts



Inclined Accretion Disc - 70o

Maximal Kerr black hole Schwarzschild black hole

BlueshiftRedshift



Computations by Youri
Dabrowski

Bending of 
Space-time 

about 
Schwarzschild 

Black Hole



Image from ‘Interstellar’



Time Dilation
• The rate at which time passes 

depends upon how you are moving 
through four-dimensional space-
time. The experiment was carried 
out by flying round the world in 
opposite directions in a commercial 
airliner by Joseph Hafele and 
Richard Keating. Time is measured 
in nanoseconds.

predicted
gravitational 

(general 

relativity)

kinematic 

(special 

relativity)

total

measured

eastward +144 ±14 −184 ±18 −40 ±23 −59 ±10

westward +179 ±18 +96 ±10 +275 ±21 +273 ±7



Worm-holes
Theoretically, world-holes between different regions of space-time 
can exist, but they collapse very quickly unless stabilised.  Wormholes 
that can be crossed in both directions are known as traversable 
wormholes but these would only be possible if exotic matter with 
negative pressure could be used to stabilize them. The dark energy is 
an example. 

The distinguished 
theorist Kip Thorne 
was the scientific 
advisor to the film.  He 
approved the first 75% 
of the film, but not the 
last 25%.



Interstellar and Wormholes

• The worm holes in 
Interstellar are used to 
reach distant planets 
about other stars almost 
instantaneously, but the 
time dilation takes place.  
This is why the astronaut 
does not age as much as 
those who remain in our 
solar system.  

• The diagram shows the 
various journeys made by 
the astronauts in the film.



X-ray lines from Accretion Discs 
about Black Holes

Predicted line shape of 
Fluorescent iron line

X-ray energy (kev)

Intensity

4             6              8

Gravitational plus 
Relativistic Doppler

Shifts



The 6.4 keV Iron Fluorescence Line

XMM-Newton spectrum showing a relativistic Fe K-line of the 
active nucleus MCG-6-30-15. The plot shows the ratio between the 

actual spectrum and a smooth continuum fit.

Last stable orbit about black hole



But

All this evidence is indirect – we 
have not detected the black hole 

itself.

This is where the gravitational 
waves come in. 



What are Gravitational 
Waves?



How do systems emit 
radiation?

• Radio waves – accelerating electric 
charges. Predicted by James Clerk 
Maxwell in 1861-65.

• Gravitational waves – accelerating 
masses. Predicted by Albert Einstein 
in 1916. 

But there are two big differences



The two big differences
• There are positive and negative electric charges

and overall the Universe is neutral – there are 
as many positive as negative charges.  But there 
are no negative masses.   

• The strength of the electric force is 1039

stronger than the gravitational force, but since 
there are no negative masses, they all add up.  
That is what attracts apples to the Earth and 
the Moon to the Earth.



Radio and Gravitational Waves
The radio waves detected and emitted by your mobile 
phone are associated with oscillating electric and 
magnetic fields which make the charges in your phone 
emit radio waves and they are very strong.

The gravitational waves have everything against them:

• The gravitational force is very, very weak and huge 
masses and accelerations are needed to make them 
detectable at all;

• Ordinary oscillating fields do not occur because there 
are no negative masses –we can only detect the very 
much weaker quadrupole radiation. 



Radio and Gravitational Waves
Radio waves:
Oscillations in the electric 
and magnetic fields, both 
at right angles to the 
direction of travel

Gravitational waves:
Quadrupole oscillations in 
space-time, at right angles 
to the direction of travel 



Energy Loss by Gravitational Waves

When a system radiates gravitational waves, it 
removes energy from the system.  The simplest 
example is a binary star system which radiates 
away energy and so the period of the binary star 
decreases. 



Energy Loss by Gravitational Waves

This has been observed in the binary pulsar system PSR 
1913+16 which consists of a pair of neutron stars, but they are 
widely separated.  The observed speed up agrees with the 
predictions of General Relativity.



The Gravitational Waves from 
Binary Black Holes

But, the gravitational waves from the binary neutron 
star system are far too weak to be detected.  What is 
needed is a close pair of black holes in the final 
stages of coalescing into a more massive black hole.  

There is a very characteristic signature of this 
extremely powerful event.



Gravitational Inspiral - predictions



Inspiralling Black Holes



The LIGO Experiment



The LIGO project

Kip Thorne             Rainer Weiss       Ron Drever
(d. 7 March 2017) 

The project was first proposed in the late 1960s 
and has been developed steadily since then.  The 
present phase began in about 2000. 



The Gravitational Waves



Improving Sensitivity of LIGO 2002 - 2006



Gravitational Wave Detection

The challenge of detecting the strain due to the 
passage of a gravitational wave are enormous.  The 
predicted strain from black hole coalesance amounts 
of less than one thousandth of the size of a proton 
over the 4-km baseline of the detectors.  Another way 
of  expressing this is  to measure the width of a 
human hair at the distance of the nearest star to the 
Sun, a distance of ¾ of a light year.

A sensitivity to be able to detect a strain of 10-21

reliably was needed. The most precise measurement 
ever.



LIGO Detector at Livingston, Louisiana



LIGO Detector at Hanford, Washington 



The Paper of 11 February 
2016



The Paper



The Gravitational Waves
On 14 Sept 2015, the following bursts were seen in both detectors.



The Gravitational ‘Chirp’



Listening to the Gravitational ‘Chirp’



The Gravitational Waves

The two black holes are roughly the same mass. The mass of 
the final black hole is 3 M


less than the inspiralling black holes 

– this is all radiated as gravitational waves. 



The Gravitational Waves

• Masses about 30 times the mass of the Sun.
• They move about each other at about half the speed of light.
• Three solar masses of matter are converted into the energy of 

gravitational waves in less than a tenth of second. 



The Paper of 15 June 2016



The Second Gravitational Wave Chirp of 
December 26, 2015



A Second Gravitational Wave Chirp

This second example is much fainter than the first and the black 
holes masses are only 14 and 7.5 solar masses. 



The Paper of 2 June 2017



The Third Gravitational Wave Chirp of 
January  4, 2017



A Third Gravitational Wave Chirp

This third example is intermediate between the first and second 
binary black hole system.  Black holes masses are 31 and 19 
solar masses. 



The Problem of Identifying the Sources

The error boxes are huge and so one cannot yet identify the 
galaxies in which these coalescence events occurred.  



Discovery of coalescing binary 
neutron stars



Locating the coalescing neutron 
stars

The Italy-France Virgo experiment helped refine the location of the 
coalescence of the two neutron stars.



Detection of 
coalescing 

neutron stars in 
other wavebands

The error boxes were small 
enough to look for 
afterglows in different 
wavebands after the 
coalescence took place.  



The Known Black Hole Population (this year)

?



The Key Discoveries

• Gravitational waves have been detected.

• Direct evidence for black holes has been 
discovered.

• Binary black holes exist.

• Black hole and neutron star coalescences have 
been observed.

• Completely consistent with Einstein’s prediction 
of 1916 on the basis of his General Theory of 
Relativity. 


