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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.

Robert Clemenson Robert.Clemenson@rhul.ac.uk

Links and Resources: Black Holes - Monsters of the Cosmos

Post Lecture Survey
Lecture Slides

[1] - Black Hole Basics - Cosmic Conundra, YouTube Video

Actually very far from ‘basic’... At around the 38 minute mark, | give some of the more technical
details of Einstein’s theory of gravity. This is very tricky stuff, so not for the faint of heart!

[2] - Mercury's Orbital Precession - Cosmic Conundra, YouTube Video

Similar to link [1], this is very calculation heavy. In this live stream, | derive the precession angle
of Mercury's orbit using General Relativity, and compare this with the observed angle of
precession measured by astronomers.

[3] - Exploring the Birth of Stars - NASA, Webpage

Scan the QR code above, or simply clickthe QR code in the
PDF of the lecture slides.


https://docs.google.com/document/d/1Iak0g6w9g1SvLZtuK-ejItLDnnpdqD0XV4lRwJkvp1U/edit?tab=t.0

| ecture Overview

A Gravity: From Newton to Einstein
A The Life of Stars: Birth to Death
A Black Holes in the Cosmos

A Black Holes as Time Machines

A Death by Black Hole
A Q&A Questions welcome throughout the talk! )




Part It Gravity: From Newton to Einstein



GravityandLevity

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).

A

Aristotle, 330 BC.

Water h fawty, ire has Levity (so says
Aristotle!).
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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 4t century BC.
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Planetary Motion

Kepler’s Second Law

The origin of this law, is the
conservation of angular momentum. As

a planet moves closer to its star, it
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 grounds of
Woolsthorpe Manor in Lincolnshire.

¢s WY n W

Isaac Newton, 1702.
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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
the distance between the masses.

To come to this realization, Isaac Newtons
had to invent the core mathematical field
of calculus (all before turning 23!).

G=68&72x07
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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=6.67xi07s 0. .0oooccocodO 57



General Relativity
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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,
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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.

~
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fSpacetime tells matter how to move; matter

tells spacetime how to curva@xkJaihin Wheeler (9‘ -
/‘44.)
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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



General Relativity

How do we know Einstein was right?

When we use

to perform the same calculation,
the answer matches the observation
made by astronomers to a very high
degree of accuracy.

This is one feather in General Relativity’s
cap!

POS (€I OoN
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Newton vs Einstein
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concept, and not one we grapple with
In the sciences.

Science deals withmodels:

A description of a physical system that
allows us to understandsome aspects
of the phenomena and make testable
predictions. This does not mean that
the model has to work inall
circumstances.

Newton vs Einstein. The battle for the laws of gravity



Newton vs Einstein

Einstein vs Newton is a good example.

allows us
to (mostly) explain the orbits of
planets in our solar system, and the
| ' UCORHAL WYnWYel WNcdc+yY
theory allowed us to get to the moon. ‘
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Relativity) predicts the existence of , o/

black holes, and solves subtle

problems related to the orbit of the ) e

GlicUUqgt Wagdcecqll UsaqYUKt WagéY!l 'bA¢c UUYq L

explain. Newton’s theory works for (relatively) small masses. Einstein’s
theory picks up where Newton’s left off, and tells us more
about larger masses and subtle (harder to observe) effects.

Newton vs Einstein. The battle for the laws of gravity



Part Iir The Life of Stars: Birth to Death
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Stars are born, from the cloudS' of
gas and dust left behind flom the
exploswe deaths of earlier stars.

s We call these stellar graveyards /
nurserles
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P|ctured inthe backdrop isthé part of the Carina Nebula Avast and vaned amalgam of stellar nurser|es superguant stars and globular
structu res. 230 l|ghtyears acyoss andhea rly 8500 l|ghtyea rs from the Ea rth - . : )



Birth of a Star e - e
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Local excess density leads to
gravitational collapse of the
surrounding matter.
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Birth of a Star

We can witness the birth of stars in
nebulae, by searching foilHerbig-Haro
objects.

These regions of brighter nebulae are
formed when jets of plasma fire out of
the poles of a protastar, exciting the
gases within the nebular causing them
to glow more brightly.

HH 24, in the Orion B Molecular Cloud
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Main Sequence Stars

Around 90% of all stars in the Universe
are in theMain Sequencephase of
their life cycle.

This is the phase in which stars spend
the majority of their burning lifetime.

The Sun

[Taken from Southend by Dawid Glawdzin (@dawidgphotography)]
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Main Sequence Stars

Around 90% of all stars in the Universe
are in theMain Sequencephase of
their life cycle.

This is the phase in which stars spend
the majority of their burning lifetime.
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The Sun
[Taken from Southend by Dawid Glawdzin ]
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Main Sequence Stars

The Main Sequence is characterized
by stability, with forces ofgravity
(pulling inwards) and forces ofhermal
pressure (pushing outwards) in
balance.

The origin of thishermal pressureis

In the core of the Star;
squeezing Hydrogen isotopes into
Helium, releasing huge amounts of
energy in the process. Ereryy
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Ahermal Pressure
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Aherma| Pressure
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Supergiant Stars

If a star is large enough (typically at
least 8 times the mass of the sun), it
will at some point in its life cycle form
some kind ofSupergiant Star

Astronomers believe that the Eta
Carinae system contains two
supergiant stars in a binary orbit.

The largest of the two, Eta Carinae A,
Is aBlue Supergiant

NASA, ESA, Hubble;
Processing: Judy Schmidt

The Eta Carinae System, buried in the Homunculus Nebula.
This system is comprised of two stars: one at least 30 times the
mass of the sun, and another at least 100 times the mass of the sun.
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Supergiant Stars
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When one force gets the upper hand,
changes occur within the star.

. a4 =ssure. "Ieerf ESSure
1. Hydrogen in the core runs out. Thermel Pressure ot Pressurnc Theruel Pr R ko A S

Push:s out Pushcs out wcq Fens ‘

2. Fusion slows down.

3. Thecore cools, and gravity takes
advantage. J
Ahermal Pressure AThermal Pressure

Aherma| Pressure A hermal Pressure. Tncreases ncreases

4. The core contracts Pshes ou e B ches oné

Core temperature increases.

Outer layers absorb heat from the

core and expand into a —
i Thegne iz

Aherma| Pressure MTherma| Pressuve
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Death of a Star

When the core of a
turns to Iron, nuclear fusion can no
longer continue.

Thermal Pressure drops, and gravity
gets the upper hand.

The core of the star collapses under the
Immense gravitational pull.



