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Lecture Overview N

e Classical Motion- Newton’s Laws & Thermodynamics

* Einsteinian Relativity - The Special Theory

* Einsteinian Relativity - The General Theory

* Space Travel by Warp Drive

* Q&A (Questions welcome throughout the talk!)




Lecture Live Links (LLL)

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: Wormholes to Warp Drive Lecture - 08.07.2025

[1] ‘Time Travel 101 - Southend Museum Lecture’ - R Clemenson
Previous lecture on special relativity from May 2025 given at the Beecroft Museum, with more
details presented, and more historical context.

[2] ‘Time Travel from Pythagoras’ - R Clemenson
YouTube video from 2020, showing a full derivation of Einstein’s time dilation formula using a
‘light clock’, and no more complicated mathematics than Pythagoras’ theorem.

[3] ‘Black Holes and Beyond - Southend Museum Lecture’ - R Clemenson
Previous lecture with greater detail on general relativity from May 2025. See first 40 minutes for
discussion of general relativity.

[4] ‘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 uses quite a lot of University level maths from the beginning!

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

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


https://docs.google.com/document/d/10eDULP3i1jxzzZLrkw6TOchcnYukyjC_cKmaAGCpfYU/edit?usp=sharing

Part | - Space Travel via Classical Physics



Principles of
Classical Motion

Thus far, every method our
species has invented to travel
from point Ato B relies on two
core branches of physics:

Laws describing how objects
move when pushed a certain way.

2. The Laws of Thermodynamics

Laws describing how heat moves,
and converts into motion.

Newfon's Laws

.\"

Ther modyq namics
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Newton’s Laws of

Motion

Isaac Newton publishes his
three laws of motion in his
Principia Mathematica, in
1687.

By applying these three
simple laws, we can
describe how even the most
complex mechanical
systems behave.

Newton’s Laws are what we
use to launch rockets,
design skyscrapers, and
work out the motion of the
planets.

Launch of the first Space Shuttle mission, 1981.

Isaac Newton, 1702.



Newton’s Laws of
Motion

Newton’s First Law

Objects will not change their
motion, unless acted on by a
resultant force.

Things don’t move unless you
push them, and don’t stop moving
unless you pull them back.
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Newton’s Laws of
Motion

Newton’s Second Law

The acceleration of an objectis

directly proportional to the force
applied.

Objects accelerate faster, the
harder you push them.
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The acceleration of an objectis
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applied.
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Newton’s Laws of
Motion

Newton’s Third Law

The acceleration of an objectis

directly proportional to the force
applied.

Objects accelerate faster, the
harder you push them.
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Newton’s Laws of
Motion

Newton’s Third Law Exhausté Pushes
Rocket UP

The acceleration of an objectis

directly proportional to the force
applied.

Objects accelerate faster, the
harder you push them.

Rocke ¢ Pushes
E x haus € down



Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of
a system equals to the heat added
to the system, minus the work done

by the system.

Energy in, minus energy out equals
the change in energy.

AU = 26 - W
N,

The weork

C'ﬂduﬁ i the The heat doue 53
Sqseem's ener f"’“’ in_fo Ehe Sesfem
J JJ e syscen J
Wor k
Donée

Heat
rn




Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of
a system equals to the heat added
to the system, minus the work done

by the system.

Energy in, minus energy out equals
the change in energy.

A= 20 - W
N,

The werk

C"“‘U‘- i fhe The heat  Adoue Aa
Sqystem’'s enev [I"“’ :n_fo the Sesfem
J JJ fhe Sesten, J
Wor k
Done

Heat
n




Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of
a system equals to the heat added
to the system, minus the work done
by the system.

The energy you putin, is the energy
you get out.

l=p
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Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of
a system equals to the heat added

to the system, minus the work done
by the system. C3 Hg + 5 Oz — 3C0, ~+ [f-HzO

The energy you putin, is the energy
you get out.



Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of
a system equals to the heat added
to the system, minus the work done
by the system.
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you get out.

‘& O =0 H P)( H ——
\,\0”b H,_C'—C—C_—H
,;vf\ I | [
/ p— H b H CEYG
o:=0
O
O:C=0 y H o
1/ . " H
LA O:-C=0 <
O
et A O-C=0C
H A Heat



Thermodynamics
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Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of

a system equals to the heat added NS D & ? @

to the system, minus the work done
by the system.
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Thermodynamics

The First Law of Thermodynamics

The change in the internal energy of
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to the system, minus the work done
by the system.

The energy you putin, is the energy
you get out.




Part Il - Time Travel via Sub-Luminal Velocity



Special Relativity

Special Relativity is Einstein’s
1905 theory of space and Time.

We will start with a lightening
speed glance at Galileo Galilei’s
1632 precursor to Einstein’s
Special Theory of Relativity.

Galileo Galilei, 1640

Albert E| nstel n, 1 905


https://docs.google.com/document/d/1xY5IlhY2epXMgNJ6ZjJJHi_46Z_fBq7_CDPIgwkpLZE/edit?usp=sharing

Galilean Relativity

Relativity is all about
translating what one
persons observed, to what
another person would
observe.

Al.ce
This second observer
might be located at a
different pointin space
relative to the first
observer. They might also
be moving relative to the
first observer.

Throughout our discussion we will use two observers, and , and
make comparisons of their observations of different events.

Let’s consider what these two observers see when throws a
at



Galilean Relativity

throws the tennis
ball towards at a
speed of 5 meters per
second.

Thisisthe speed she
perceives in her
reference frame.

\ We will come back to

In

, the speed of
the tennis ball when it
reaches himis still 5
meters per second
(ignoring air
resistance).

the idea of a reference
frame late. For now, we
can think of this simply
as Alice’s Point of
View.

Alice's Referevce frane

Smi
[ S

Bob's Reference frane




Galilean Relativity

How aboutif Bob is
running towards ?

In
, sShe see’s Bob
moving towards her at

As aresult, Bob
measures the velocity
of the ball to be 7
meters per second in
his reference frame.

Alice’'s Reference fFrane

2M/S
<
Sm/s
"
Bob's Referct"cc framne
2M/s
=
M/
o ———>




Galilean Relativity

How aboutif Bob is
running towards ?

In
, sShe see’s Bob
moving towards her at

As aresult, Bob
measures the velocity
of the ball to be 7
meters per second in
his reference frame.

Who is correct?

Alice’'s Reference fFrane
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Galilean Relativity

How aboutif Bob is
running towards ?

In

, She see’s Bob
moving towards her at
2 meters per second.

Nobody is right or

As aresult, 5ob wrong! It’s relative!

measures the velocity
of the ball to be 7 It depends who you
meters per second in ask.

his reference frame.

Who is correct?

Alice’'s Reference fFrane

2M/S
<
Sm/s
"
Bob's Reference frame
- i =5+2 =7m/s
2 M/s
/s J
M/
®




Galilean Relativity

Suppose rides a train
that passes , standing
on the station platform.

The train passes the station
at a constant speed of 20
meters per second.

Alice’s Eefercmcc Srame

20M/
< )

Tra.:n

/] \




Galilean Relativity

Suppose rides a train
that passes , standing
on the station platform.

The train passes the station
at a constant speed of 20
meters per second.

throws a tennis ballup
in the air.

Let’s consider how this
appears to both observers.

Alice’s chercmce frame

20M/S

!
20M/5 €<— .

Tra.n

/1 \




Galilean Relativity

In , She sees
the tennis ball rise up in the air, and
move along in a curved path before
falling back into lap.

The tennis ball moves along with the
train, across the platform.

Alice’s Rcferc'ﬂCC frame

20M/s

:

R /|

Tia.n

007D

Pla ﬁrm ‘

/1

Alice's Referevnce frane

20M/s

A




Galilean Relativity

Removing the train from the
figure, and looking at two
snapshots of the tennis balls
motion, we get a much
clearer picture of what Alice
sees.

Alice’'s Referevce frame

A




Galilean Relativity

Removing the train from the
figure, and looking at two
snapshots of the tennis balls
motion, we get a much
clearer picture of what Alice
sees.

What does see?

Alice’'s Referevce frame

A




Galilean Relativity

Now consider Bob’s point of
view, sat on the train.

Reb's Referevce frame

20M/
< )

2

& D

D




Reb's Referevce frane

Galilean Relativity < zoms

In , the ball %

moves upwards in a straight line and

falls back into his lap.

& Q D

This is exactly what would
observe when the train is stationary at Bob's Reference frame
a station.

20M /-
< S

|.e. Newton’s Laws of Motion appear

to work the same way inside of a !
Stationary train, as they do in a train ﬁj
moving at constant speed.




Reb's Referevce frane

Galilean Relativity < zoms

In , the ball %

moves upwards in a straight line and
falls back into his lap.

& Q D

This is exactly what would
observe when the train is stationary at Bob's Reference frame
a station.

20M /-
< S

|.e. Newton’s Laws of Motion appear

to work the same way inside of a !
Stationary train, as they do in a train ;EJ
moving at constant speed.

What about a train moving at a non-

constant speed?



Galilean Relativity

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

Robk's Referevce frame

Tra.n Accelerates

<<

s




Galilean Relativity

If the train accelerates ',3019'5 Referc nce frame
(speeds up), Bob will
observe something unusual. Tfam Accelerates

<

He throws the ball upwards.

i

& D




Galilean Relativity

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

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.

Rob's Reference frame

Tra:n Accelevates

<

7

& @ S)

Rob's Referevce frame

Tra.n Accelevates

<<




Rob's Reference frame

Galilean Relativity < zoms

This leads us to make a distinction between ;EJ
reference frames that move at a constant

speed, and reference frames that are

accelerating. @ D D
We call reference frames moving at a constant Bob's Reference frame

speed an Inertial Reference Frame. Tra:n Accelevates

<<




Galilean Relativity

The Laws

1. Newton’s Laws are
obeyed in Inertial Reference
Frames.

2. Velocity addition formula. VB = VA + u

3. Clocks tick at the same
rate.

©=0

Alice’'s Reference frane

VA <
—>
Bob's Reference frane
VB
....................................... >




Equations of Magnetic Force.

, dH 1/(. P dn d= dF ’/“,‘ -
aXWe S A A wlr =P )T —a&
[ : L PR > . . . 4 da dG dWV .
I % % i s A & dt ) B :/_r/

Equations 23 (et Ao2

For Electromagnetic Momentum
Magnetic Intensity
ive Force

In 1862’ James Clerk Maxwell (]‘:‘lll‘:ll'f:ll‘t”:;’ltl:*‘(h) true (*m'nh;('li;:n: - . " bk ¢
published the first form of his e e R aic & R

I'otal Current (including v
equations of and ., Quantity of free Electricity .
.~ Electric Potential . . . .
. Between these twenty quantities we have found twenty equations, viz.
Three equations of Magnetic Force
Electric Currents .
Electromotive Force .
. . - Electric Elasticity
These equations describe the , Electric Resistance

Total Currents

WayS th at and One ("(lll:-l‘ti‘-]) of Free Electricity
fields are created, and how they TG e TS
Interact. Equation of ”lu/f///“//((/.

:/,

+l/l) + I{l/ (/A __”

la dy

They outline how a
can create 3 Some of Maxwell’s original 26 equations,
d Vi from his 1865 paper A Dynamical Theory of
» and vice the Electromagnetic Field.

VErsa.

Eguations of Electromotive Force.
/4 -

James Clerk Maxwell, approx 1870



Maxwell’s
Equations

Maxwell’s original 26 Equations
proved extremely hard to deal
with.

In 1884 these were condensed
to just four, by using a new
mathematical language
developed by Oliver Heaviside.

Y
U- £ = z.
S.5=0_
- _Q_
Ux £ = 3¢ N
—_—y —> _a_E..-
Ux B =/“’v(3*'£»ae)

Heaviside’s simplified version of Maxwell’s
equations, written using the language of
vector calculus.
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Maxwell’s T £
Equations =3
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In 1865, Maxwell showed that ~ VUx &
his equations predict the
existence of an magnetic {7 x
wave.
A self propagating, cycle of
alternating and

fields.

The equations even predicted I |

the speed this magnetic C. = .
wave should move with... Jgo \/9 esxl 12
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Maxwell’s
Equations

In 1865, Maxwell showed that
his equations predict the
existence of an magnetic
wave.

A self propagating, cycle of
alternating and
fields.

4y Q.

m,

Jl

The equations even predicted C = Ji . [ Tz
the speed this magnetic @ §-&sSxIO
wave should move with...
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Maxwell’s
Equations

In 1865, Maxwell showed that
his equations predict the

existence of an magnetic | i |
wave. C. = — — ,
A self propagating, cycle of Jz" ‘/9‘ gsxIO
alternating and
fields. =
= 3% (O M/S
vv\_/
The equations even predicted The Speed a/* Lieht
the speed this magnetic \f

wave should move with...

7~
LiIhé S qn Elec fro - u«ue)\.



A Problem for
Galileo...

If we try to extend Galilean
Relativity to Maxwell’s
equations, we run into a number
of problems...

The equations become
inconsistent, and predict things
that we do not observe.




A Problem for
Galileo...

If we try to extend Galilean
Relativity to Maxwell’s
equations, we run into a number
of problems...

The equations become
inconsistent, and predict things
that we do not observe.

Recall Feynman’s Golden Rule..




Theory vs Experiment

“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




With insufficient theory to explain
experimental observations, a new
theoryis needed.



Einsteinian Relativity

With being
the newer law, and the better
tested law - It looks as if
is for the
. 8. Zur Elektrodynamik bewegter Korper;
Chopplng blOCk' von A. Einstein.
DaB die Elektrodynamik Maxwells — wie dieselbe gegen-

. . . wirtig aufgefaBt zu werden pflegt — in ihrer Anwendung auf

In 1 905, Einstein reconciles bewegte Korper zu Asymmetrien fithrt, welche den Phénomenen

nicht anzuhaften scheinen, ist bekannt. Man denke z. B. an

Maxwell’s E g uations with the die elektrodynamische Wechselwirkung zwischen einem Mag-
conce pt of relativi ty neten und einem Leiter. Das beobachtbare Phinomen hingt

hier nur ab von der Relativbewegung von Leiter und Magnet,
withrend nach der iiblichen Auffassung die beiden Kille, daB
der eine oder der andere dieser Korper der bewegte sei, streng
voneinander zu trennen sind. Bewegt sich némlich der Magnet

1 i und ruht der Leiter, so entsteht in der Umgebung des Magneten
He doeS thIS Wlth Only two ein elektrisches Feld von gewissem Energiewerte, welches an
postulates.

On the Electrodynamics of lbert Einstein, 1905.

Moving Bodies - 1905



Alice’'s Reference frame

Einsteinian Relativity

The Laws

1. All Laws of Physics are
obeyed in Inertial Reference

Frames.

Bob‘s Referevce frane

2. The Speed of Light is
invariant. Itis the same in all C — C

reference frames. B A

3. Clocks tick at diff t
ratesof(;rsdi:‘?ergnt :)besreerr:/ers. 7



Einsteinian Relativity

The Laws

1. All Laws of Physics are
obeyed in

2. The Speed of Light is
invariant. Itis the same in all C — C
reference frames. B

3. Clocks tick at different A
rates for different observers.

A

Alice's Reference frame

oo million m/s

n
300 m:llion M/S

Bob<s Rcfgrcﬂce fFramne

72?77

What do you think the speed of light seen by
Bob should be?




Alice’s feeferG”CC framne

Einsteinian Relativity PRty

The Laws

1. All Laws of Physics are

obeyed in

"
300 mllion M/S

Rob s (de,[‘ercnce frane

2. The Speed of Light is
invariant. Itis the same in all C — CA
reference frames. B

1
300 m:llion M/S

3. Clocks tick at different +# The Speed is unchanged! Light ALWAYS travels at
rates for different observers. the same speed, in any reference frame.




Alice’s Referevce frame

loe million m/S

Einsteinian Relativity O ==, %
The Laws ;

300 m:llion M
Bobs Reference frame

——al

1l
300 million M/S

From the invariance of the speed of light, all
of the bizarre consequences of Einstein’s
theory of Special Relativity can be worked

out.

This is BY FAR, the most bizarre

3. Clocks tick at different . .
. consequence of Einstein’ tulat f
rates for different observers. ;é « 9 relativity S postutates o




Einsteinian Relativity

The Laws

3. Clocks tick at different
rates for different observers.

= ()

Why does the invariance of the speed of
light mean moving clocks tick more slowly?

This makes some intuitive sense.

If you run at a light ray at head-on,
something about your perception of time
must shift for the speed of light to remain
the same as if you were standing still.

But... It’'s deeper than just ‘perception’. The
passage of time really does change.

Plants growing on a highspeed rocket will
germinate later than they would at rest on
the Earth. Grey hairs will not appear as
numerous, food will not spoil, clocks will
not tick as far ahead.



Time Dilation

This phenomena is called

Einstein derives a formula, describing
exactly how much the passage of time
changes depending on how fast
someone is moving.

| derive this formula in full LLL[2].

TINE TRAVEL FRON

OPYTHAGORAS 2 e
v by

Time Travel from Pythagoras

LLL [2]


https://www.youtube.com/watch?v=4oJFCjDixrI&t=3s&ab_channel=CosmicConundra
https://docs.google.com/document/d/1xY5IlhY2epXMgNJ6ZjJJHi_46Z_fBq7_CDPIgwkpLZE/edit?usp=sharing

Time Dilation

First, let’s think about how time To , 4he Passffe-
passes for while he runs of {ime ﬁzls
away from . CbMp{efeﬁ Norial

one SC'Cawop /éels Fke

ticks once every one  second.

second from his point of view,
as expected.

What would look
like, as seen by ?



Time Dilation

When looks at
, Itappears to tick more
slowly than her own.

shouts back at as he
runs away, and his speech
appears drawn out, like slow
motion...

These two observers experience
the passage of time differently,
due to their relative motion.

Alice's Reference fFrane




Time Dilation

Alice's Reference fFrane

When looks at
, Itappears to tick more
slowly than her own.

sssse
...............
. L
. .
® .

shouts back at as he
runs away, and his speech
appears drawn out, like slow

motion...
These two observers experience Hang on... Why do we not observe this phenomenain
the passage of time differently, our every day lives?

due to their relative motion.

Not every jogger that runs past us moves in slow
motion!



Time Dilation

Let’s look at Einstein’s Time
Dilation formula...

velocity appearsin the
formula as a ratio of the speed
of light.

This means the passage of time
only changes significantly when

moving at speeds close to the
speed of light.

Alice’'s Reference frane

(%

Atq A€ g

>
2O 20

Lev:]v'“'\ o/ time

Leﬁ(k o/ time
r@Coro(e?! l:J Bob.

-
-
-
_______

| s
v At 4
46 = 1
; 'UZ<-\ speed °/‘
- ~2 T Bol, seew
IS 'i] Alice
Speed of Li he”

(300 million Mm/S ).




Forwards Time Travel

Suppose we could construct a
trainline that spans the Earth’s
equator.

If a train could travel one
thousand times faster than the
Parker Solar Probe, the time
dilation effects would become
significant.

At this speed, the train moves at
about of the speed of light.

)

= [90.000.000 M/s

Q




Forwards Time Travel

At this speed, the train would

make a full rotation around the
Earth injust

l.e. It would
every single second.

)

= [90.0c0.000 M/s

Q




Forwards Time Travel

At this speed, the train would
make a full rotation around the
Earth injust

l.e. It would
every single second.

For each of these full rotations,
the passengers on the train
experience only

)

= [90.0c0.000 M/s

Q




Forwards Time Travel

At this speed, the train would
make a full rotation around the
Earth injust

l.e. It would
every single second.

For each of these full rotations,
the passengers on the train
experience only

)

= [90.0c0.000 M/s

Q




Forwards Time Travel

If the passengers remained on
the train for (recorded
by everyone else on Earth), they
would only experience about

The passengers have therefore
travelled forwards in time by
about

)

= [90.00c0.000 M/s

Q




Part lll - Time Travel via Black Hole



Newton’s Law of
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 B Isaac Newton, 1702.
Woolsthorpe Manor in Lincolnshire.



Newton’s Law of
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.



Newton’s Law of
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 f [)‘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. OOOOOOOODO 867



Newton’s Law of
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.



General Relativity

Recall our discussion of trains and
reference frames.

Suppose rides a train, which
passes on a train platform at a
constant speed of 20 meters per
second.

throws a tennis ball up in the air.

Alice's Referevnce frame

<

20M/S

2oM/S <— ﬁ

Tra.n

S0 )

/1 \




Rob's Referevce frame

General Relativity < zoms

Recap: Inertial (Non-Accelerating) Reference Frames 1;2‘
We call reference frames moving at a constant speed an
Inertial Reference Frame. N KL q
In , the ball moves upwards in a Rob's Reference frame
straight line and falls back into his lap.

< ZoM/s

This is exactly what would observe when the train is
stationary at a station. ‘lﬁj
Bob cannot tell whether his train is at rest in the

station, or moving at a constant speed away from the AL KL )
station.




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 frane

Tra:n Accelevates

<

7

& @ S)

Rob's Referevce frame

Tra.n Accelevates

<<




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

J
AWA

Plane ¢

é:au:‘fj

fthe Planeé



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.

‘Spacetime tells matter how to move; matter
tells spacetime how to curve. —John Wheeler
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General Relativity

More theory on General Relativity:
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Black Hole Basics - Saturday Spacewalk

Not for the faint of heart!...

~

)

SPace - £ e
Curvatuvre

%‘ﬂ'(}-/

—
G

CCI-

N

SPeer/{ o
Lc‘\crhﬁ /‘

l

/4fu

N

Ma € €e -


https://docs.google.com/document/d/1xY5IlhY2epXMgNJ6ZjJJHi_46Z_fBq7_CDPIgwkpLZE/edit?usp=sharing

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.

""""""""""""""""""""""""" Per: helion

POS (€ ION

., .
o, ®
. .

. L]
........
---------------

Perihelion — Point of greatest distance from the sun,
in a planets elliptical orbit.



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.

'PEP:' ‘12. ’ioo’l
POSc'ﬁ;a"\

This is one feather in General Relativity’s
cap!




General Relativity

If you have a spare 1Thr37min, you can
watch me do this calculation in real
time!

a 2
¥ ¢ CL%T TiMa7:10,
Rl st PR 4

Mercury's Orbital Precession -
Saturday Spacewalk Jan 24th

This is rough...

Don’t say | didn’t warn you!
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The Monster Hidden
In the Equations

/'j):(,rﬂ rAJ2”

(> 2 < 2{)
&SZ - -({— %‘c/:)co’lé +(_ =

Karl Schwarzschild.




Anatomy of a
Black Hole Event
{ Hor: 2oV

Describing a black hole is
simple enough, as they
have very few identifying
features.

S n’ju lar'o'fJ

- z26M "schcrasch.‘ '9'
s = =z rad:us"




Anatomy of a
Black Hole

“1The hof.' ZoN once :» s.'ofe,
Can oul Noth.ap Can
\J

be quse"v /' escape.
‘4 one direcéion.



Anatomy of a
Black Hole

Event Horizon Telescope
image of Sagittarius A*.



Anatomy of a
Black Hole

{(qg Singular: €4 :
N J
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The Singularit
e S gu a y [,.)orks {-ol‘ works {of
Why is the singularity so hard to ’r“:'J H"U S HCQZI F"‘-’\“] S

understand?




Black Hole

Black holes form when g )
giant stars run out of S R P ¢
fuel, and collapse under Led TR .,
: : Main & _ . WS L, Rleck
their own weight. sezueﬂce- suPeU Jant SuPer nova Hole
S€ar Sé€ar

Roger Penrose and Stephen
Hawking bridged the gap
from Schwarzschild’s
theoretical solution of
Einstein’s equations, to
show that black holes can
form in real life (imperfect)
conditions.




Natural Time
Machines

Perhaps the strangest
property of black holes,
is how the bend and
stretch time for those
nearby...

Let’s put thisinto
perspective using Gaia
BH1, the nearest known
black hole to the Earth.

Persen Z's clock .11
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Natural Time
Machines

Recall, Gaia BH1’s radius
stretched out to Dartford.

Suppose we get into an
orbit that would stretch
out to central London.




Natural Time
Machines

Spend 1 year orbiting
our nearest known black
hole, and you will have
travelled forwards in
time by 5 months
compared to everyone
home on Earth.

Ga:ia BH-I

O,

SEkM >%

[ Year Passes
‘n orbki& o/

fne Blck Hole How fony
PrssesS
bac k an
Earth ?
[ vr

28.3km ]

& km

= |yr + Smonths
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How do we P
know this?

We (physicists) did the maths!

There are many predictions we
can test in the real world.

3 » . L ;T A. 3 .
3 — s £ 4 5 » ..' ..‘ ,,.
s Pa 0T\

GPS satellites calculate location by pinging a signal between
themselves and devices on the Earth. Extremely accurate clocks are
E.g.GPS needed to do this.

General relativity has to be accounted for in order for GPS to work.



Death by
Black Hole...

See Lecture ‘Black Holes
and Beyond’for a
discussion of what it
would feel like to fall into
a black hole.... LLL[3].

Death by
Black Hole

push
into a black hole.

Death by
Black Hole

From Person B’s POV,
they pass through the
horizon without much
difficulty.

If the black hole is very
small, they will be
‘spaghettified’ by the fall.

As Person B looks back at
Person A, A begins to age
rapidly.

LLL [3]
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Part IV - Space Travel via ‘Warp Drive’



The Universal
Speed Limit

Not only is the speed of
light constant, for
everybody who measures
it.

Itis also the maximum
speed anything can move
at in the Universe.

SPEED
LIMIT

299792458

m/s




‘Light Years’ Light > fase

A light-year is not a
duration of time, but a unit
of distance. Torch

One light-year (abbreviated
to LY) is the distance
travelled by light moving
through empty space in

one year. SPeeoq = 300, coo, 0O Mecres Per Secovw(

or 670,000 000 Miles Per hour

or A0.000 M;les Pevr hour



‘Light Years’

( L)’ = 300, coo. coo x (365x2h—x6'o zo’o)

A light-year is not a
duration of time, but a unit

of distance. = CI, Soo, OO0, OOC 000, OOO Mefres

One light-year (abbreviated ec 5 , CIOO, OO, oo, oo Mm.les

to LY) is the distance
travelled by light moving

through empty spacein [ S 90 B/ll,on m. /ZS]

one year.



‘Light Minutes’

8 ‘Ligh¢ Minutes®

A light-year is not a
duration of time, but a unit
of distance.

One light-year (abbreviated

to LY) is the distance

travelled by light moving _ )

through empty spacein @ At = 8 M. NUtES
one year.

Though not a common unit, a light-minute can be defined as the distance
travelled by light in a single minute.



The Alcubierre
‘Warp Drive’

In 1994, Miguel Alcubierre
allowed his imagination
to wander while watching
Star Trek, and laid the
foundations for the
serious scientific study of
faster-than-light travel.

1{ -
Miguel Alcubierre.



The Alcubierre
‘Warp Drive’

By imagining a configuration of
space time, that would allow an
observer to ‘surf’ the wake of a
super-luminal bubble of space
time, Alcubierre showed that
faster than light travel is not
explicitly forbidden by Einstein’s
equations of gravity.
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The Alcubierre
‘Warp Drive’

By imagining a configuration of
space time, that would allow an
observer to ‘surf’ the wake of a
super-luminal bubble of space
time, Alcubierre showed that
faster than light travel is not
explicitly forbidden by Einstein’s
equations of gravity.

ey

(3—4}
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The Alcubierre
‘Warp Drive’




Proxima Centauri
in a Week @

430,000 MPh
Proxima Centauri is the
star closest to our own ) \\/

solar system.

Itis a distance of 4.25Ly
from the Earth (very close
at the scale of the
galaxy... very far by all
other metrics!).



Proxima Centauri
In a Week O

Travelling at the fastest 430,000 MPh

speed any human-made
object has every moved
(the Parker Solar Probe,
during it’s closest
approach to the sun) it
would still take about
6633 years to reach
Proxima Centauri.



Proxima Centauri
In a Week

If FTL (faster than light)
travel is possible, this
journey could be
completed in a matter of
days.




Exotic Matter

On big problem with the
Alcubierre Drive, is that it
requires exotic matter to
produce the distortion of
space-time required to
form and sustain such a
‘Warp Bubble’.

In this context exotic
matter refers to
substances with a
negative mass, or a
negative energy density.

The Alcubierre
‘Warp Drive’

By imagining a configuration of
space time, that would allow an
observer to ‘surf’ the wake of a
super-luminal bubble of space
time, Alcubierre showed that
faster than light travel is not
explicitly forbidden by Einstein’s
equations of gravity.

SbPace - £ e
Curvafuvre
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The Alcubierre

Exotic Matter ‘Warp Drive’

By imagining a configuration of
space time, that would allow an
observer to ‘surf’ the wake of a
super-luminal bubble of space

On blg problem with the time, Alcubierre showed that

Alcubierre Drive, is that it ﬁﬁ;ﬁ?ﬁtﬁ?ﬂ?&'Ei:::ttein's Gone, = 8ﬂf} l//‘W
requires exotic matter to SHLAIONS o reviy: /‘% = e
produce the distortion of Shece-Eme  sa YT
space-time required to Curvature Pf.-;heof

form and sustain such a
‘Warp Bubble’.

/

In this context exotic
matter refers to
substances with a
negative mass, or a
negative energy density.
But does exotic matter exist??

Or is this the nail in the coffin for Alcubierre’s Drive?



But does exotic matter exist??

EXOtI C M atte r Or is this the nail in the coffin for Alcubierre’s Drive?

Not in any useful sense, / ~T Y 9 LLL [6]

that we know of... 8

o

The closest phenomena ‘ ~

we know of, which is a 9

result of Quantum i ar
Mechanics, is the so |

called ‘Casimir Energy’ ~

present in the vacuum,

detectable by measuring N

the force between two S b
uncharged parallel B |

plates.

Particles pop into existence and dissolve back into the vacuum a
short time later.

This fizz of of creating and annihilating particles fills the entire
Universe.


https://docs.google.com/document/d/1xY5IlhY2epXMgNJ6ZjJJHi_46Z_fBq7_CDPIgwkpLZE/edit?usp=sharing

Exotic Matter

Not in any useful sense,
that we know of...

The closest phenomena
we know of, which is a
result of Quantum
Mechanics, is the so
called ‘Casimir Energy’
present in the vacuum,
detectable by measuring
the force between two
uncharged parallel
plates.
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Particles pop into existence and dissolve back into the vacuum a
short time later.

This fizz of of creating and annihilating particles fills the entire
Universe.



Other Problems...

Suppose we could build
such a craft, there are
some good reasons you
might not want to do
sol...

AN




Other Problems...

Due to the super-
relativistic speeds of the
craft, a collection of very
high energy particles
would accumulate at the
front of the ‘warp bubble’.

A A



Other Problems...

When the craft
decelerates, these high
energy particles would
continue to move...

%ﬁﬂ%

DD
20 2
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Other Problems...

This deadly beam of
paired matter & anti-
matter particles would
propagate forwards as a £
deadly beam of energy...

JARA



Other Problems...

Likely what lay
in its path....

Not the best introduction

to other species! / x

JARA




Part V — Space-Time Travel via Wormhole



Wormholes

John Wheeler was the first to
coin the term ‘Wormhole’.

The origin of this term comes
from the analogy of an insect,
wishing to cross from one side
of an apple to the other. If there
is a literal worm hole
connecting the two sides, this
provides a shorter path for the
ant.

John Archibald Wheeler




Wormholes

In analogy to the literal worm

holes found in apples (the most
consequential fruit in the

history of science
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astrophysical wormholes would
provide shortcuts from one

g

another pointin 4D space time
by ‘cutting through’ some higher

pointin 4D space time, to
dimensional bulk space.




Wormholes

In analogy to the literal worm
holes found in apples (the most
consequential fruit in the
history of science),
astrophysical wormholes would
provide shortcuts from one
pointin 4D space time, to
another pointin 4D space time
by ‘cutting through’ some higher
dimensional bulk space.
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Wormholes

Wormbholes aren’t just based on
a hunch...

They arise as natural solutions
to Einstein’s equation of gravity.

First noted in 1916 by Ludwig
Flamm, they were picked up
again in 1935 by Einstein and
Nathan Rosen, who speculated
about the physical meaning of
this abstract mathematical
solution.

Ludwig Flamm
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Wormholes

Returning to Proxima Centauiri...

Wormholes might provide
shortcuts between distantly
connected regions of space.

D:s€aut obSevver's P.o.V




Wormholes

Returning to Proxima Centauiri...

Wormholes might provide
shortcuts between distantly
connected regions of space.

Allowing great distances to be
traversed more quickly, via the
shortcut of a wormhole.

Probes pP.o. UV

Soo km



Exotic Matter Again...

Unfortunately... if wormholes
exist, they cannot stay open for
long enough for anything to
pass through...

Creating a Traversable
Wormhole, that could be
passed through again requires
negative energy densities!

smgularity <~
2

sAngular 1y ~7

HYPERSPACE § et

l—singularity

HYPERSPACE - singularity

(§)

Figure from ‘Time Travel and Wormholes’ — Kip Thorne



Backwards Time Travel?

This probably isn’t possible...

Einstein’s theory of gravity
(General Relativity) leaves open
the possibility of VWormholes,
which might connect different
regions of space (and moments
of time).

It’s thought that when we find
the complete theory of
Quantum Gravity, somethingin
this theory will

[

e



Questions!



Coming Up...

Watch this space!
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Hello all! I'm Rob. I'm a theoretical particle physics PhD reseacher at the
University of Sussex. Welcome to my outreach webpage!

This site is loosely designed to accompany the outreach/teaching stuff |
do online via Twitch & YouTube.

Here you will find: Archived notes & recordings from my outreach
activities, puzzles for various high school age groups, and a few useful

resources for University admissions and further study.

For my professional page, please see: robertclemenson.com

These lecture slides are
available on my outreach
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CosmicConundra.com
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