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The Principles of Special Relativity

4 BE >
nSTUDiE:

* Postulate 1: Principle of relativity

* Laws of physics are invariant in all inertial frames of reference (i.e. non-
accelerating FoR)

e Postulate 2: Principle of invariant light speed

e Vacuum light speed is the same for all observers, regardless of motion
of source or observer

Most accurate model to-date for all motions

- neglects gravity

— only works for flat space-time

Relativity: there is no well-defined state of rest
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Simultaneity is not absolute

Lightening bolts

Whether or not two events at different locations are simultaneous depends on the state of
motion of the observer. So the time interval between two events may be different in different
frames of reference.

Initiative for Interstellar Studies www.|41S.org



Space-Time

O'-world line

e When and where does an event
take place?

0'-x line

O-frame of reference
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ct > 0'-world line

v N * When and where does an event
® \A take place?
B

/ ~* Euclidean geometry does not give
O'-xline  cnsistent answer!

e Space-time interval does
X (Minkowski space):
ds? = dx? + dy? + dz? — (cdt)?

O-frame of reference
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Space-Time

N\

ct > 0'-world line

v N * When and where does an event
® \A take place?
B

/0,v i * Euclidean geometry does not give
-x line

consistent answer!
777

e Space-time interval does
X (Minkowski space):
ds? = dx? + dy? + dz? — (cdt)?

* What happens below the 45° line?

O-frame of reference

Initiative for Interstellar Studies www.|41S.org



.//

S

Space-Time

=i

m

-

=

S

2/
Y.

N ::2?:’ N r
2SI TUDIE>

When and where does an event
take place?

« Euclidean geometry does not
give consistent answer!

« Space-time interval does
(Minkowski space):
ds? = dx? + dy? + dz? — (cdt)?

« What happens below the 45°
line?

« What about an accelerating

By Cyp - Own work, CC BY-SA 3.0, ObjeCt?
https://commons.wikimedia.org/w/index.php?curid=283995
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Dilation Effects
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2
Dilation: y=1/[1- 1:—2 —> Lorentz transformation
Time: t' =yt Length: L'=LJy
Satisfies classical mechanics

Mass: kinetic energy of a moving body:
Ej = myc*(y

. . . . 2 3 4
- expand in binomial series E = mc? =~ myc? + mo“? +=mg ’C‘_Z 4.

—> First term is intrinsic energy of the body E at rest
- Implies Amc? = Ey;, or other forms of energy

46 MJ/lit 80,620,000 MJ/kg 579,000,000 MJ/kg 89,875,517,874 MJ/kg
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Principles of General Relativity

GRAVITY IS NOT REAL
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Principles of General Relativity

General relativity is a theory of gravitation.
- Initial conflict with Newton’s picture of the universe
Newton: ‘gravity is the force of attraction between two bodies at rest or in motion’.

Einstein: 'gravity is a manifestation of spacetime curvature’. or John Wheeler: ‘space tells
matter how to move, and matter tells space how to curve’

- Is the earth accelerating towards us? Gravity is a fictious force

- Einstein predicts reality better and proven again and again

YouTube: European Southern Observatory (ESO) “Artist’s animation of S2’s YouTube: Steve Mould “Visualizing gravitational waves”,
precession effect”, https://www.youtube.com/watch?v=PR4EzyUv_fs https://www.youtube.com/watch?v=dw7U3BYMs4U
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Einstein’s field equation

N = 4
nSTUDiE:

General Relativity replaces Newton’s gravity

* Einstein field equation specifies how the presence of matter curves
spacetime.

e General relativity is a continuous field theory in contrast to the particle
theory of matter.

Ricci tensor Scalar curvature energy-momentum tensor

/ / \
/1 J 816G

R,uv — EguvR + Agp%v — o4 Tuv

\ N )
N Y, Y
e

The metric  Vass-energy

Geometry of spacetime
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Mach (Woodward) Effect Thruster

How can we measure inertia, if all motion is relative?
Mach’s principle:
—> Einstein “...inertia originates in a kind of interaction between bodies...”

— Inertia arises as a property of the mass distribution throughout the entire
universe. Motion of matter in one place affects which frames are inertial
in another place.

- Gravitational absorber theory and advanced waves

Assuming Mach’s principle holds true:

V2 = —V§ = 4nGp, + E°2+ L Ok
¢_ g = a2l Py pOCZatz

(p
1 P

AtGc?py Ot
- Effect is orders of magnitude larger than what E = mc? would suggest

@Am():—
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Mach Effect Thruster

\iLU_DEi/

Brass
End-Cap PZT Electrode (~)
Rubber Pad |

Clamping
-— Screw

Aluminum Aluminum
End-Cap | End-Cap
Thrust X
— | | B —

/N Epoxy Electrode (Ground)

Support / Thrust Balance
(Ground)

* NOT conclusively proven
* Governing physics are not settled

Tajmar, “Mach-effect thruster model”. Acta Astronautica (2017)
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Propellantless space flight
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Vehicle Takeoff Mass Payload fraction

Ariane 5 (vehicle + payload) 746,000 kg ['] (~1,645,000 Ib) 2.506%

SpaceX Starship (vehicle + payload) | 4,400,000 kg (9,700,000 Ib) &1 5.341%

SpaceX Starship (payload only) 4,400,000 Kg (9,700,000 Ib) 2] 3.409%
Soyuz-2.1b 312,000 kg 2.63%
Soyuz-2.1a 312,000 kg 2.25%
Saturn V 3,038,500 kgl”! (~6,700,000Ib)  4.33%

Space Shuttle (vehicle + payload) 2,040,000 kg (~4,500,000 Ib) 6.49%

Space Shuttle (payload only) 2,040,000 kg (~4,500,000 Ib) 1.41%

https://en.wikipedia.org/wiki/Payload_fraction
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NOOOOO!!! YOU CANT JUST GO FASTER

THAN THE SPEED OF LIGHT haha warp drive go brrrrrrr

» Slow down light » Hyperspace
« Light spots and shadows » Superfluid theories
* Quantum mechanics? » Tachyons

Alcubierre warp drive
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Remember the metric g:
ds? = —dt? + (dx — vy f (r,)dt)? + dy? + dz*

 Shape of bubble i VRS

* Size of bubble | A

UN

« Wall thickness of bubble

- Required matter distribution!
2
roo _ _ L vsp®(df
8m 4rZ \drs
Energy density component of the stress
tensor

White, “A Discussion of Space-Time Metric Engineering”. (2003)
White, “Warp Field Mechanics 101”. (2011)
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Remember the metric g: | [
ds? = —dt? + (dx — vy f (r,)dt)? + dy? + dz* |
« Shape of bubble

« Size of bubble

« Wall thickness of bubble

- Required matter distribution!
2
roo _ _ L vsp®(df
8m 4rZ \drs
Energy density component of the stress
tensor

- Requires negative energy density
or Exotic Matter

—> Initially more matter than the entire
universe: can play with that

White, “A Discussion of Space-Time Metric Engineering”. (2003)
White, “Warp Field Mechanics 101”. (2011)
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The Alcubierre Warp Drive

Updated concept based on Dr. White’s theoretical findings, rendered by
Marfk Ragemaker with.artwork and inputs from Mike Okuda
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v = 1.5¢
Alcubierre drive

YouTube: SXS Collaboration, https://www.youtube.com/watch?v=JP7oleafgQU
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Problems with FTL

. ::‘2:?’ N P
nSTUDiE:

»+ Causal and energy condition violations

»+ Navigation
e Causal disconnection between interior and exterior of bubble

M Gamma, X-ray, Hawking radiation

e Cannot see anything in front of the ship due to Doppler shift, see only Microwave
background

* Release of energy upon deceleration

» Time dilation

/f'
T= 30 nanoseconos: “6ED ﬂfﬂ \\\\
g

& A \
¢ - OPMG
Sysospecnv Mo 57y, FIREAL T \
? g s ca e~ g P )
S

okl g e, gt D1 7 e
https://what-if.xkcd.com/1/
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Negative Energy/Mass

»+ Virtual particles

* Hawking radiation

¢ Casimir effect

e Restrict quantum wavelengths
and corresponding type of
virtual particles

M Squeezed light/vacuum

* Quantum uncertainty of
squeezed state lower than of
coherent state

¥+ Exotic bare mass of electrons

_d |5
’\17r

\/

YouTube: Seraaron, https://www.youtube.com/watch?v=TV50iBtuS8AQ
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Black Holes and Wormholes

i Safwan AhmedMia @ ( — ) e
@SuperSaf

My Online Profile Pic vs Real Life

#BlackHole

12:41 PM - 10 Apr 2019 from Milan, Lombardy
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What is a Black Hole?

. ——. L
nSTUDiE:

Collapse of massive stellar objects
—> Gravitational acceleration can overcome building

pressure
Radius r
. . 2Gm .
1 /.qhwarzschlld radius r; = —- also event horizon
T radius
/ (é \\ - Nothing beyond an event horizon has bearing on
v \ an observer outside of it, time seems to freeze
e —

- Most efficient compression of mass into a region

event horizon

Static (Schwarzschild) and rotating (Kerr) black holes
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Wormbholes: Einstein-Rosen bridge

¥,

1935 Albert Einstein and Nathan Rosen:

* Extending Schwarschild metric to infinity = singularity

disappears, connect different regions of space(s) .
A
* Schwarzschild wormhole

h hol 4 el (@ our universe
*  Whit s and par universes .
e holes and paralle erse M__/j .e__m
throat of
= wormhole
oll_1er
universe

/JF— rsing
[b} rcos

Our UNiverse—_ +z /\r'l':‘gion near earth
/ < -_.\_L;.-/
L1

L ]
C — \}éraqicn near
the star
Vega
 cosd S/ rsing

Morris and Thorne, “Wormholes in spacetime and their use for interstellar
travel: A tool for teaching general relativity”. Theoretical Astrophysics (1987)
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Wormbholes: Einstein-Rosen bridge

\\{LU—DLES e

1935 Albert Einstein and Nathan Rosen:

* Extending Schwarschild metric to infinity = singularity

disappears, connect different regions of space(s) .
A

e Schwarzschild wormhole

(@ our universe
¢ White holes and parallel universes M_j_; 241
[

throat of

Wheeler & Fuller 1950’s & Morris and Thorne 1980’s: 3 wormhole
other
- Metric to describe a spherically symmetric and universe
static intra-universe wormhole
- Need to avoid singularity /zy—rsin‘f’
- Need to avoid event horizon " r cos 1
- Need to avoid excessive tidal forces our U"'WErSe*m\ § L on nedr earth
- Need time to traverse the wormhole / '—'\__Lr‘/
_ . . _ C — \Jé-raqlcn near
BUT: requires exotic matter with negative energy star
. . Vega
density again, to keep wormhole throat stable! é/_rEin‘#
r cos

Morris and Throne, “Wormholes in spacetime and their use for interstellar
travel: A tool for teaching general relativity”. Theoretical Astrophysics (1987)
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Fig. 13. Still frames of a voyage through a short wormhole (a/p = 0.5) with weak lensing \WW/p = 0.05), as computed with our DNGR code.

James et al., “Visualizing Interstellar’s Wormhole”. Am. ). Phys. (2015)
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Extracting work from a Black Hole?

P A

ot A

L 7

& 2,
e~ | Vs
E {
5 ]

L '

z

Z)

N,

S

Black hole bomb

* Penrose process = extract
angular momentum/energy by
particle scattering

* Requires spinning (Kerr) black
hole

e Superradiant .
scattering/instability o . Ergosphere

Event Horizon

YouTube: Kurzgesagt “The Black Hole Bomb and Black Hole Cvilizations”,
https://www.youtube.com/watch ?v=ulCdoCfw-bY&t=488s
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https://www.youtube.com/watch?v=ulCdoCfw-bY&t=488s

Extracting work from a Black Hole?

* Black hole bomb * Hawking radiation
* Penrose process = extract e Collect energy as we would
angular momentum/energy by with other kinds of radiation
particle scattering * Use it as basis for propulsion
* Requires spinning (Kerr) black device
hole

e Superradiant .
scattering/instability o . Ergosphere

Event Horizon

YouTube: Kurzgesagt “The Black Hole Bomb and Black Hole Cvilizations”,
https://www.youtube.com/watch ?v=ulCdoCfw-bY&t=488s
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Extracting work from a Black Hole?

* Black hole bomb * Hawking radiation
* Penrose process = extract e Collect energy as we would
angular momentum/energy with other kinds of radiation
by particle scattering * Use it as basis for propulsion
* Requires spinning (Kerr) device
black hole

e Superradiant .
scattering/instability o . Ergosphere

mpy = 606,000 t

ry = 0.9 attometer
(1/1000 of proton!)
At = 3.5 years

P = 160 petaWatt

Event Horizon

YouTube: Kurzgesagt “The Black Hole Bomb and Black Hole Cvilizations”,
https://www.youtube.com/watch ?v=ulCdoCfw-bY&t=488s
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* Need very small/light black holes for this to work

* Black hole from particle collider

* Energy required 1 TeV/c? — 1.2x1022 TeV/c?

* LHC at CERN: 13 TeV S NG

 Evaporation time 1025 s v“‘«“

““Q

“ _ ‘, ‘ ,'; f

2\ K * . i
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by, B 5\
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Conclusion

4 BE >
2 STUpTES «

* Potential for breakthroughs, BUT

* Some answers require unification of GR and quantum mechanics

* Concepts often based on borderline concepts of current physical
understanding

* Very useful to stretch one’s imagination and to work hard
problems = progress in our fundamental understanding
of reality
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Further learning and sources

4 BE >
nSTUDiE:

PBS Space time: Curved spacetime in general relativity
https://www.youtube.com/playlist?list=PLsPUh22kYmNAmMjsHke4pd859z6m h

VRur
¥ Wikipedia:

Special relativity
Lorentz transformation
Spacetime diagrams
General relativity
Black Holes
Wormholes

¥ Sean M. Carrol: Lecture Notes on General Relativity UCSB

» Leonard Susskind’s Stanford lectures on general relativity:
https://www.youtube.com/watch?v=SwhOffhOkEE&list=PLpGHT1n4-

mAvcXwzOlz3dHNGZaQP1LEib

» Stanford notes on dilation:
https://web.stanford.edu/~o0as/SI/SRGR/notes/SRGRLect2 2010.pdf
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M Mach-Effect Thruster:

Further learning and sources

Fearn et al., “Theory of a Mach Effect Thruster 1”. J. Mod. Phys. (2015)

Tajmar, “Mach-effect thruster model”. Acta Astronautica (2017)

K6Rling et al., “The The SpaceDrive project - Thrust balance development and new
measurements of the Mach-Effect and EMDrive Thrusters”. Acta Astronautica (2019)

» Black holes and Wormholes:

Crane and Westmoreland, “Are Black Hole Starships Possible”. arXiv preprint (2009)
Thorne, “Black Holes & Time Warps: Einstein’s outrageous legacy”. W. W. Norton & Co. (1995)

Morris and Throne, “Wormholes in spacetime and their use for interstellar travel: A tool for
teaching general relativity”. Theoretical Astrophysics (1987)

Morris et al., “Wormholes, Time Machines, and the Weak Energy Condition”. Phys. Rev. L. (1988)
James et al., “Visualizing Interstellar’s Wormhole”. Am. J. Phys. (2015)

¥ Warp drives:

White, “A Discussion of Space-Time Metric Engineering”. (2003)
White, “Warp Field Mechanics 101”. (2011)

Subject Zero, Alcubierre warp field and anti matter :
https://www.youtube.com/watch?v=gHAaoTMrc3A (I do not agree 100% with the explanation

but it is a nice summary)
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