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Lecture Overview

A The History of Gravity

A General Relativity

A Singularities & Quantum Gravity

A Observing Black Holes

A Black Holes as Time Machines

A Evaporation and Hawking Radiation

A Q&A Questions welcome throughout
the talk!)




Lecture Live Links (LL

Throughout the lecture, | will make a couple of
references to previous talks, livestreams, and
other online materials.

If you would like to check these out after the talk
(or view recordings of previous lectures), please
feel free to scan the QR code shown here.

Links and Resources: Black Holes and Beyond Lecture - 25.05.2025

[1] ‘Black Hole Basics - Saturday Spacewalk’ - R Clemenson

Livestream from 2021 giving more technical details on general relativity, using some higher
mathematics, and applying this to black holes. Don't let the title fool you... This is far from basic,
and used quite a lot of University level maths from the beginning!

[2] ‘Time Travel 101 - Southend Museum Lecture’ - R Clemenson
Last week's lecture (18.05.2025) on special relativity.

[3] ‘Mercury’'s Orbital Precession - Saturday Spacewalk’ - R Clemenson
Livestream from 2021, deriving the perihelion shift in Mercury's orbit predicted by General

Relativity.

[4] Lecture Feedback Survey - R Clemenson
Please fill this in, to give feedback on any/all of the lectures delivered by me you have attended

this May.

[5] Lecture Notes (on my outreach website) - R Clemenson Scan the QR code a bOVG, or sim ply click the Q R codein the
Find links to previous lecture recordings, and archived notes from previous talks. PD F Of th e leCtu res lld es



https://docs.google.com/document/d/1xY5IlhY2epXMgNJ6ZjJJHi_46Z_fBq7_CDPIgwkpLZE/edit?usp=sharing
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In the ancient world, an
objects desire to ‘fall’ or
‘float’ is described as an
innate property of that
object.

Aristotle tells us that Air and

posses levity (they want
to move further from the
ground), and and
Earth possess gravity (they
want to move closer to the
ground).

'\

Aristotle, 330 BC.

Water h “I’VI y, Fire has Levity (so says
Aristotle!).
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These laws come directly from
observation, as opposed to
theory. Kepler used the

observations of Tycho Brahe (a 4
16t centu ry Danish astronomer). Epitome Astronomiae Copernicanae, where Johannes Kepler, 1610.
Kepler first published his three laws together.
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Planetary Motion

Kepler’s First Law

An ellipse is a kind of squashed circle,
with geometric properties that have
been studied by mathematicians since
the 4% century BC.
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Planetary Motion

Kepler’s Second Law
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The origin of this law, is the
conservation of angular momentum. As "\ ....................
aplanetmoves oloser toits star, it ]S
speeds up.
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Planetary Motion

Kepler’s Third Law

This law was the key for Newton to work
out his equation of gravity.

Technically an ellipse doesn’t have a
radius... The length shown is in fact
called the semi-major axis of the
ellipse.
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Universal Gravitation

In 1687, Isaac Newtons
published his breakthrough
text, Philosophiee Naturalis
Principia Mathematica.

The Principia outlines his law
of Universal Gravitation.

Universal — Gravity affects all
objects with mass. Not only
the heavenly bodies.

Newton’s apple tree in the grouds of
Woolsthorpe Manor in Lincolnshire.

Isaac Newton, 1702.
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Universal Gravitation

“After dinner, the weather being warm, we
went into the garden and drank thea,
under the shade of some apple trees...he
told me, he was just in the same situation,
as when formerly, the notion of gravitation
came into his mind. It was occasiond by
the fall of an apple, as he satin
contemplative mood. Why should that
apple always descend perpendicularly to
the ground, thought he to himself.”

Taken from an early biography of
Newtons, written by William Stukeley

Newton’s apple tree in the grounds of Woolsthorpe Manor in Lincolnshire.
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Universal Gravitation

At a more technical level, it was the
insights from Kepler’s laws that allowed
Newton to figure out his equation of gravity.

In order for the planets to move in elliptical

paths, the force of gravity between two
masses must go like the inverse square of r G‘M
the distance between the masses. = A 2

To come to this realization, Isaac Newtons
had to invent the core mathematical field ~1
of calculus (all before turning 23!). [} =8.8§Zx (06 = O. OOOOOOOODD 867
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Universal Gravitation

The Law instructs us on how to calculate the
force of between two
masses.

The ‘big G’ constant at the front bears
Newton’s name (Newton’s Gravitational

Constant). ;F— G_M |

Note the small size of this constant,
surprising the strength of the gravitational
force.

G=667x07's 0. covoccccon ss57



General Relativity
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The Field Equtions ofGravitation, Albert Einstein, 1921.
published Nov 25th 1915.
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General Relativity
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Recall our discussion of trains and
reference frames last week.

Suppose rides a train, which

passes on a train platform at a

constant speed of 20 meters per

second. L

// 0~
throws a tennis ball up in the air.

Pla ﬁrm |
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General Relativity

Recap: Inertial (Non-Accelerating) Reference Frames

Rob's Referevce frame

<

20M/s

We call reference frames moving at a constant speed an
Inertial Reference Frame.

In , the ball moves upwards in a
straight line and falls back into his lap.

This is exactly what would observe when the train is
stationary at a station.

Bob cannot tell whether his train is at rest in the
station, or moving at a constant speed away from the
station.
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Rob's Referevce frame
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General Relativity

Recap: Accelerating Reference Frames

If the train accelerates (speeds up), will observe
something different.

He throws the ball upwards, but the ball does not end up

on his lap. It shoots over his head, and lands behind him.

This is different to what he would observer on a
stationary train.

Bob can tell that he is on an accelerating train,
distinct from a stationary, or non-accelerating train.

Rob's Reference frame

Tra:n Accelevates

<
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Rob's Referevce frame

Tra.n Accelevates
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General Relativity

The Equivalence Principle

Suppose Is in a rocket, parked at rest on
the surface of the Earth. The Earths surface
gravity exerts a force of

|f drops the tennis ball, it will accelerate
downwards at a rate of

, falling under the
influence of gravity.

j - 9.8/ N/kJ
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General Relativity

The Equivalence Principle

Suppose instead that rocket,
accelerates upwards at precisely

feet would feel the floor of the rocket
pushing up on him.

|f drops the tennis ball, it will appear to
him to accelerate downwards at a rate of

a=98& M/s®



General Relativity

Could tell which situation he finds himself in? Both scenarios lead to the tennis ball accelerating down
to the ground at a rate of 9.81 meters per second per second.

The indistinguishability of these situations is encapsulated in




General Relativity

Einstein’s Equivalence Principle:

Gravity is indistinguishable from
acceleration.

This is the insight that allows Einstein to

conclude that gravity is a geometric
phenomena.

Einstein’s earlier work on the theory of
special relativity (1905) puts space and time
into a single united framework,




General Relativity

Einstein’s Equivalence Principle:

Gravity is indistinguishable from
acceleration.

This is the insight that allows Einstein to

conclude that gravity is a geometric
phenomena.

Einstein’s earlier work on the theory of
special relativity (1905) puts space and time
into a single united framework, four-
dimensional space time.

Let’s add a piece of matter into this flat region of
space.



General Relativity

The presence of matter, causes space-time
to curves.

The curvature of space-time cases matter to
experience the illusion of a gravitational

force.
“
fSpacetime tells matter how to move; matter % (9—
tells spacetime how to curvd@kJdhn Wheeler (3‘ - T l/
/144.) cq. /Ao
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More theory on General Relativity:
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General Relativity

How do we know Einstein was right?

The abnormal precession of Mercury’s
perihelion was a longstanding problem in
celestial mechanics (first pointed out in
1859 by Urbain La Verrier).

When physicists used

to calculate the shape of
Mercury’s orbit, the calculated rate of
advance of Mercury’s perihelion is very
far from the rate observed by
astronomers.
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Perihelion — Point of greatest distance from the sun,
in a planets elliptical orbit.
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“In general, we look for a new law by the following
process: First we guess it; then we compute the
consequences of the guess to see what would be
implied if this law that we guessed is right; then we
compare the result of the computation to nature,
with experiment or experience, compare it directly
with observation, to see if it works.

If it disagrees with experiment, it is wrong. In that
simple statement is the key to science. It does not
make any difference how beautiful your guess is, it

does not make any difference how smart you are,

who made the guess, or what his name is —

»

Richard Feynman






