Now for some repetition of ideas with more details……
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By making M larger and R smaller, Vesc increases in Newtonian physics to
arbitrary values.
Idea of an object with gravity so strong that light cannot escape first suggested by
Rev. John Mitchell in 1783

Black Holes General Relativity

The view of a distant observer
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Time 'stops'

Event horizon

Embedding diagrams

Let us digress from out story a bit to figure out how these embedding diagrams work.
Embedding Diagrams
A helpful way to visualize warped space is to use an embedding diagram.
This derivation is for mathematically inclined reader - others just need final results.
Full Schwarzschild solution to Einstein’s equations for point mass
is represented by interval relation
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Since is difficult to work with full 3-dimensional curved space,
concentrate on 2-dimensional slice where we fix θ = π/2 (motion on a plane)
and consider only one instant of time(looking at only one instant of time).
In absence of gravity, then have(flat space)
ds2 =
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Embedding procedure goes as follows:
1. We imagine this 2-dimensional surface as part of 3-dimensional Euclidean space
with cylindrical coordinate system (r, φ, z) as shown with x = rcosφ and y = rsinφ.
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2. Relationship z(r) between new coordinate z introduced
to create fake Euclidean space and normal coordinate r
is determined by assuming flat space interval expression
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3. Comparison with true interval expression in our special case says
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This is just flat plane as shown below, i.e., 4-dimensional gravity-free spacetime is plane when
embedded(to give us a picture) in 3 dimensions(fake).

If instead we carry out same procedure with Schwarzschild solution it goes as follows.
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Using calculus then have
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This is a sideways parabola in (r,z) plane
for given value of φ.
It is same for any φ value
so 3-dimensional representations
is as shown right:

This is called an Einstein-Rosen bridge.
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A comparison of physical space and embedded space is shown below.

and as vary radius for fixed mass.

Now back to our story……

GR black holes

Only measured values!
Nothing happening locally!!!

measured

View of an External Observer

The view of an infalling observer

Falling radially into a black hole – victim’s view

Falling radially into a black hole – external view

More features of Schwarzschild black hole

The nature of the event horizon

Remember space-time diagrams

Remember Light Cones

Spacetime diagram... path of ingoing/outgoing light rays as seen by distant
observer

Meaning of 'grid'
The lines are the paths that photons take
The photons are emitted at ct=0 in space-time coordinates at different values of r
– one line represents photons 'shot' outward the other photons 'shot' inward.
The lines are curved due to curvature of space time near the BH The cones are the
'usual' notice the shape of the cones change as one gets close to the BH

Spacetime diagram-Falling in

What Happens to light cones after crossing event horizon

Fate of the photons

******Which gravitational field? In class *******

Spacetime diagram inside event horizon-all future light cones point inwards!

Spaghettification

You would not even feel it for a massive black hole like at the center of a galaxy!!

Details: Tidal force math- Newtonian

So where do you fall apart?

Black Holes - Some Further Details - Approach from different direction….
Since will not be covering formation of galaxies and stars in class, start by assuming that stars
exist.
The fuel of a star
Hydrogen and Helium provide “fuel” that both:
1. Creates light we see.

2. Keeps star stable

During normal processes light atoms are converted into heavy atoms.
The life of a star
Star starts as “ball” of mostly hydrogen, with fusion in core.
Ask: What happens when runs out of fuel?
What happens when Hydrogen runs out?
Without hydrogen fuel to make things “expand”,
i.e., exert outward pressure,
gravity crushes atoms closer and closer together.
Takes temperature of 100 million Kelvin to fuse Helium
may never happen for many stars.
What happens next depends on “mass” of star.

Start with stars like our Sun
Mid-sized stars (between 8% and 8 times mass of our Sun) all typically have similar life.
Smaller than 8% of Sun
→ won’t get hot enough to fuse hydrogen in first place.
Isn’t really star at all - called brown dwarf.
More than 8 times mass of our Sun → complicated things can happen (later...).
The life and death of our Sun

Sun using hydrogen to create light.
Helium produced falls to center (core).
As of today: core about 15 million Kelvin
→ not hot enough to convert helium into Carbon.
In future will become white dwarf.

When most of hydrogen used up, core gets crushed.
Eventually atoms get REALLY close to each other
and strength of repulsion between electrons from quantum mechanics
is so big that it balances out gravity.
Outer part becomes Red Giant
and then diffuses into space while Inner part stabilizes
→ white dwarf.
Hot core creates heavy elements.
It can shine for quite awhile - why call it “white”.
Really dense: object with mass of Sun shrunk to size of Earth
- why we call it a “dwarf”.
How dense?
Marble would weigh about 2 tons!
The life of a heavy star
For heavy stars 1st part of life same as lighter stars:
after hydrogen runs out, gravity crushes core.
Different -> heavy stars have so much mass that gravity continues to crush core,
and temperature rises significantly.

For stars with more than 8 times mass of Sun,
core can reach temperature of 100 million Kelvin,
and helium fusion can start - makes heavier elements.
Death of very massive stars
If star much more massive than
our Sun runs out of fuel quickly
Different things happen as runs out of fuel
→ gravity so strong can REALLY crush star.
More crushing → Neutron Star
After fuel runs out, if mass of star large enough, things change quickly!
Gravity quickly crushes atoms into each other.
Electrons are pushed so close to protons
-> start to interact and turn into neutrons.
Star crushes itself into ball of neutrons about size of Manhattan.
Neutrons don’t like to be “too close” to each other because of Quantum Mechanics
→ core can stabilize.

Pauli exclusion principle

In this process core collapsed from size of Earth
into ball of neutrons just few kilometers across.
Incredibly dense! - Billions of tons per cubic inch.
Marble made from neutron star material would weigh same as Earth.
Inner part of star quickly crushed into neutron star.
What happens to outer part?
Atoms fall towards center!
Hits dense neutron core and bounces back into space as giant explosion = Supernova.
Explosion so big
-> can shine as bright as 10 billion suns for couple of weeks.
Temperatures in explosion so high and atoms are densely packed
that really heavy atoms can be created and then blown into space.
How get stuff like uranium and other heavy elements(> Fe) on Earth -> we are made of stars!
Moving towards black holes
If remaining neutron star (what was core of star) has “critical mass” (3 x MSun)
can continue to collapse under its own gravity.
Nothing left to oppose crush of gravity!
→ continues to collapse until becomes Black Hole.

Black Holes(some repetition)
What they are... and aren’t
● Black holes aren’t demonic, sucking power holes.
● A black hole is just another thing a star can turn into when it runs out of fuel.
● It is basically a really massive, non- shining, ex-star.
● Then again, something with that much mass but a size smaller than a proton does have
some unusual properties.
● No dent in space... Just a small object.
Space looks same, but let’s look at curvature of spacetime near Sun

How does curvature change as compress Sun into Neutron Star?

Compressing Sun into Black Hole have:

What does this have to do with light being able to escape?
Gravitational force exerted on all massive(energy content) objects
means that massive objects require minimum velocity
(called escape velocity) to leave massive body.

Remember that GR as theory of gravity says that no objects
massive or not - experience any forces.
Gravity via energy density causes spacetime to become curved.
All objects are free and move along path
corresponding to shortest possible distance in spacetime —- called a “geodesic”.
Parabolic path of thrown object near surface of earth
actually geodesic in 4-dimensional spacetime!
Elliptical orbits of planets around sun are actually geodesics in 4-dimensional spacetime!
Spacetime near a Black Hole
Gravity of Black Hole curves spacetime SO MUCH that light simply can’t leave
its path of motion or geodesic cannot pass outwards through “event horizon”.
If light can’t escape then can’t “see” light from it
and “appears” black.
Since light could fall in, and never come back out
-> “Black Hole”.
Path of light passing nearby gets bent
(bending first experimentally verified by observing light passing Sun in 1919).
Dramatic example of bending is phenomenon of gravitational lensing.

In the center in the image (full
field left, just ring below) is a
shiny, near-perfect ring with what
appear to be four bright spots
threaded along it, looping around
two more points with a golden
glow.
This is called an Einstein
ring, and those bright dots
are not six galaxies, but
three: the two in the middle
of the ring, and one quasar
behind it, its light distorted
and magnified as it passes
through the gravitational field
of the two foreground
galaxies.
Because the mass of the two foreground galaxies is so high, this causes a gravitational
curvature of space-time around the pair. Any light that then travels through this space-time
follows this curvature and enters our telescopes smeared and distorted – but also magnified.
A PERFECT experimental confirmation of Einstein General Relativity
3D image next slide

Blackholes are foundation for strange objects called “wormholes’ - discuss later.

Gravitational Waves
Since gravitational waves now experimentally observed, let me say a few words about them.
As have seen, in Einstein’s theory of general relativity,
gravity treated as phenomenon resulting from curvature of spacetime.
Curvature is caused by presence of mass(energy).
Generally, more mass contained within given volume of space,
greater the curvature of spacetime will be at boundary of volume.
As objects with mass move around in space-time, curvature changes to reflect
changed locations of those objects.
In certain circumstances,
accelerating objects generate changes in this curvature,

same as in E & M

which propagate outwards at speed of light in wave-like manner.
These propagating phenomena are known as gravitational waves.
As gravitational wave passes observer,
observer will find spacetime distorted by effects of strain(force that pulls/stretches something.
Distances between objects increase and decrease rhythmically as wave passes,
at frequency corresponding to that of wave.
Occurs despite such free objects never being subjected to an unbalanced force.

Magnitude of effect decreases proportional to inverse distance from source.
Inspiraling binary neutron stars are predicted
to be powerful source of gravitational waves as they coalesce,
due to very large acceleration of their masses
as they orbit close to one another.
However, due to astronomical distances to these sources,
effects when measured on Earth are predicted to be very small,
having strains of less than 1 part in 1020.
Scientists have demonstrated existence of these waves with ever more sensitive detectors.
Most sensitive detector accomplished the task
possessing a sensitivity measurement of about 8 × 10-24 (as of 2021)
provided by the LIGO and VIRGO observatories.
A space based observatory, the Laser Interferometer Space Antenna, is currently under
development by ESA.
Gravitational waves can penetrate regions of space that electromagnetic waves cannot.
They are able to allow observation of merger of black holes
and possibly other exotic objects in distant Universe.

Such systems cannot be observed with more traditional means
such as optical telescopes or radio telescopes,
and so gravitational-wave astronomy gives new insights into working of Universe.
In particular, gravitational waves could be of interest to cosmologists as they offer a possible
way of observing very early Universe.
Not possible with conventional astronomy, since before recombination(free electrons gone)
Universe was opaque to electromagnetic radiation.
Precise measurements of gravitational waves will also allow scientists to more thoroughly test
general theory of relativity.
In principle, gravitational waves could exist at any frequency.
However, very low frequency waves would be impossible to detect and there is no credible
source for detectable waves of very high frequency.
Effects of passing
Gravitational waves are constantly passing Earth;
however, even strongest have minuscule effect
and their sources are generally at great distance.
For example, waves given off by cataclysmic final merger of GW150914(black holes)
reached Earth after traveling over a billion light-years,
as a ripple in spacetime that changed length of 4-km (4 x 104 m) LIGO arm
by a ten thousandth of width of a proton (0.85 x 10-19 m),

or proportionally equivalent to changing distance to nearest star outside Solar System
by one hair’s width.
This tiny effect from even extreme gravitational waves
makes them undetectable on Earth
by any means other than the most sophisticated detectors.
Effects of passing gravitational wave, in an extremely exaggerated form,
can be visualized by imagining a perfectly flat region of spacetime
with a group of motionless test particles lying in a plane
(e.g., surface of computer screen).
As gravitational wave passes through
particles along line perpendicular to plane
of particles
(i.e., following observer’s line of vision
into screen),
particles will follow distortion in
spacetime, oscillating in “octopole”
manner, as shown.

Area enclosed by test particles does not change
and there is no motion along direction of propagation.
Oscillations from a gravitational wave have very small amplitude.
They illustrate kind of oscillations associated with gravitational waves as produced,
for example, by pair of masses in circular orbit.
In this case amplitude of gravitational wave is constant,
but plane of polarization(orientation of wave) changes
or rotates at twice orbital rate
and so time-varying gravitational wave size
(or ‘periodic spacetime strain’) exhibits variation.
If orbit of masses is elliptical then gravitational wave’s amplitude
also varies according to Einstein’s quadrupole formula.
Existence of gravitational waves first demonstrated in 1970s and 80s
by Joseph Taylor, Jr., and colleagues.
Taylor and Russell Hulse discovered in 1974 a binary system
composed of a pulsar in orbit around a neutron star.
Taylor and Joel M. Weisberg in 1982 found that orbit of pulsar
was slowly shrinking over time because of release of energy in form of gravitational waves.

For discovering pulsar and showing that it would make possible
this particular gravitational wave measurement,
Hulse and Taylor were awarded Nobel Prize in Physics in 1993.
Their data versus GR predictions is shown below
-> spectacular confirmation of existence of
gravitational waves exactly as Einstein
predicted.
According to general relativity,
a pair of black holes orbiting around
each other lose energy through emission
of gravitational waves,
causing them to gradually approach
each other over billions of years,
and then much more quickly in final
minutes.

During final fraction of second, two black holes collide into each other
at nearly one-half speed of light and form single more massive black hole, converting
portion of combined black holes’ mass to energy, according to Einstein’s formula E = mc2.

Energy emitted as final strong
burst of gravitational waves.
It is these gravitational waves
that LIGO has observed.
New LIGO discovery is first
observation of gravitational
waves themselves,
made by measuring tiny disturbances waves make to space and time as they pass through
earth.
Discovery was made possible by enhanced capabilities of Advanced LIGO,
a major upgrade that increases sensitivity of instruments
compared to first generation LIGO detectors,
enabling a large increase in volume of universe probed
-> discovery of gravitational waves during first observation run.
Advanced LIGO detectors are tour de force of science and technology.
At each observatory, two-and-a-half-mile (4-km) long L-shaped LIGO interferometer
uses laser light split into two beams that travel back and forth down arms
(four-foot diameter tubes kept under a near-perfect vacuum).

Beams are used to monitor
distance between mirrors precisely
positioned at ends of arms.
According to Einstein’s theory,
distance between mirrors will
change by an infinitesimal amount
when gravitational wave passes by
detector.
A change in lengths of arms smaller than
one-ten-thousandth the diameter of a proton
(10−19 meter) can be detected.
A schematic diagram of a laser interferometer is
shown.
This allows masses to be separated by large
distances (increasing signal size);
Further advantage is that it is sensitive to a wide range of frequencies (not just those near
resonance as for earlier detectors).
Even with such long arms,
strongest gravitational waves will only change distance between ends of the arms
by at most roughly 10−18 meters.

LIGO should be able to detect gravitational waves as small as h ∼ 5 × 10−22.
Upgrades to LIGO and other detectors such as Virgo, GEO 600, and TAMA 300 increase the
sensitivity still further;
The next generation of instruments (Advanced LIGO and Advanced Virgo) will be more than
ten times more sensitive.
Another highly sensitive interferometer, KAGRA, is under construction in Kamiokande mine in
Japan.
Key point is that a tenfold increase in sensitivity (radius of ‘reach’)
increases volume of space accessible to instrument by one thousand times.
This increases rate at which detectable signals
might be seen from one per tens of years of observation, to tens per year.
Interferometric detectors are limited at high frequencies by shot noise, which occurs because
the lasers produce photons randomly; one analogy is to rainfall
rate of rainfall, like laser intensity, is measurable, but raindrops, like photons, fall at random
times, causing fluctuations around average value.
This leads to noise at output of detector, much like radio static.
In addition, for sufficiently high laser power, random momentum transferred to test masses by
laser photons shakes mirrors, masking signals of low frequencies.
Thermal noise (e.g., Brownian motion) is another limit to sensitivity.

In addition to these ‘stationary’ (constant) noise sources,
all ground-based detectors are also limited at low frequencies by seismic noise
and other forms of environmental vibration,
and other ’non-stationary’ noise sources;
creaks in mechanical structures, lightning
or other large electrical disturbances, etc.
may also create noise masking an event or may even imitate an event.
All these must be taken into account and excluded by analysis
before a detection may be considered a true gravitational wave event.
That is why there are two detection sites
they see coincidences and help eliminate stray noises.
A simple description of how a gravitational wave observatory works is
shown right.
In part 1 of figure, a beamsplitter (green line)
splits coherent light (from white box) into two beams
which reflect off mirrors (cyan oblongs); only one outgoing
and reflected beam in each arm is shown,
and separated for clarity.

Reflected beams recombine and an interference pattern is detected
(purple circle).
In part 2 of figure, gravitational wave passing over left arm (yellow)
changes its length and thus interference pattern.
LIGO gravitational wave observation, 2015, 2016
On 11 February 2016, LIGO collaboration announced detection
of gravitational waves, from signal detected at 09:50:45 GMT on
14 September 2015 of two black holes with masses of 29 and 36
solar masses merging about 1.3 billion light years away.
A second observation was recorded in May 2016 of a different
pair of black holes merging.
During final fraction of second of the merge,
it released more power than 50 times that of all stars in observable universe combined.
The signal increases in frequency from 35 to 250 Hz as it rises in strength.
Mass of new black hole obtained from merging two was 62 solar masses.
Energy equivalent to three solar masses was emitted as gravitational waves.
Signal was seen by both LIGO detectors, in Livingston and Hanford,
with time difference of 7 milliseconds due to angle between two detectors and source.
Signal came from Southern Celestial Hemisphere, in rough direction of
(but much further away than) the Magellanic Clouds.

Confidence level of this being an observation of gravitational waves was 99.99994%.
Data is shown in two figures below.

A question that arises many times is the
following:
If light is stretched/compressed by gravitational
wave, why use light inside LIGO?
Let us address this question that many professional physicists fully don’t understand!
Discussed earlier about how light and gravitational waves
will stretch out as Universe expands (called redshift).
If object is coming towards us, light is compressed (called blueshift).

Basically, if objects are moving, light and gravitational waves will experience Doppler effect.
Also discussed about how a passing gravitational wave will stretch
and compress space in perpendicular directions.
When put these two facts together, come to conclusion
that light inside arms of LIGO is also stretched and compressed by a gravitational wave.
So, how can we use this light to measure gravitational waves
when light itself is affected by gravitational wave?
This is not obvious upon first inspection.
Apparent paradox arises from thinking of laser light as ruler.
When you think of light, you usually think of it as a wave
(which it is, but light is also a particle
not relevant to this discussion).
Waves have wavelength – distance between each successive
wave peak:
A passing gravitational wave will expand and compress space-time
and wavelength of light using to measure gravitational waves
is itself affected by gravitational wave.

Since LIGO and detectors like it effectively
measure length of its arms
and compares them to each other,
how can we rely on light to measure any length
changes from passing gravitational wave?
Solution begins to become clear when start
thinking of laser light as clock instead of ruler.
When light comes out of laser, there is fixed time
between each crest of wave (called the period of
wave).
Let’s label each crest as ‘tick’ (like clock).
Our laser (labeled ’Laser’ in image) is very stable
in that it produces very consistent wavelength of 1064 nm (near-infrared light).
Because speed of light is constant no matter how you measure it,
that means that there are almost 282 trillion (2.817x1014) ‘ticks’ every second.
This light is then split into two equal parts (at ‘Beam Splitter’)
Since different things can happen to light once it is in arms,
let’s reference beam splitter for making length measurements

(i.e., let beam splitter stay in same place while gravitational wave alternates squishing
and stretching arms).
A real gravitational wave will cause one arm to shorten and other to lengthen.
This will also cause laser wavelength in shortened arm to decrease (blueshift)
and wavelength in lengthened arm to increase (redshift).
But there is nothing in detector that measures wavelength.
What it really measures is shift in arrival time of each ‘tick’ of wavelength crests.
If arms stay same length (no gravitational wave),
then ‘ticks’ of laser light come back to beam splitter at same time
and produces destructive interference
where we measure light (labeled ‘Photodetector’ in image).
If gravitational wave causes length of arms to change
and shifts where ‘ticks’ of laser light occur,
two light beams will no longer return to beam splitter at same time.

It is this “out of sync” arrival time of crests of laser light that produces interference pattern
utilized to detect gravitational waves so couldn’t care less about actual wavelength of light
(other than it was constant going into detector).

What 50 gravitational-wave events reveal about the Universe

Astronomers observed 39 cosmic events that released gravitational waves over a 6-month
period in 2019 — a rate of more than one per week.
The bounty, demonstrates how observatories that detect these ripples — usually created by
the merging of two black holes — have dramatically increased their sensitivity since the first
identification was made in 2015.
The growing data set is helping astronomers to map how frequently such events have
happened in the Universe’s history.

As we have discussed, gravitational
waves are ripples in the fabric of spacetime that are released by accelerating
masses, in particular when two massive
objects spiral into each other and
merge.
Their detailed properties provide
numerous tests of Albert Einstein’s
general theory of relativity, including
some of the strongest evidence to date
for the existence of black holes.
And through gravitational waves,
astronomers have gained a new way of
observing the cosmos, next to
electromagnetic waves and cosmic
rays.
The latest data release describes events
observed during half of the third observation
run of the Laser Interferometer GravitationalWave Observatory (LIGO) — a pair of twin
detectors based in Hanford, Washington,
and Livingston, Louisiana — and its
European counterpart Virgo, near Pisa, Italy.

Most of the events are mergers of two black holes.
The detectors have also caught sight of a handful of collisions between two neutron stars and
at least one merger of one neutron star and one black hole.
Mergers that involve neutron stars are especially interesting to astrophysicists because they
are expected to release ordinary light as well as gravitational waves, which was confirmed in a
merger of neutron stars seen in August 2017.
A few of the most spectacular events in the catalogue had already been described in papers.
Those include the largest black-hole merger yet and the most ‘lopsided’ one — in which two
black holes of vastly different masses collided.
One surprising discovery is in the masses of the black holes involved in the mergers.
Astrophysicists expected a sharp cut-off, with no black holes weighing more than 45 times as
much as the Sun.
They are now seeing that it’s not so sharp of a cutoff.
The catalogue includes three events with outlier masses, including one announced in
September with a black hole of 85 solar masses.

The wealth of data has now enabled LIGO–Virgo researchers to roughly estimate the rate at
which black-hole mergers happen in an average galaxy.
That rate appears to have peaked around eight billion years ago, following a period in which
stars were forming — and some were later turning into black holes — at a particularly high rate.
The catalogue also provides information on how the black holes spin, which holds the key to
understanding how the objects came to orbit each other before they merged.
It shows that, in some binary systems, the two black holes have misaligned axes of rotation,
which would imply that they formed separately.
But many other binaries appear to have roughly aligned axes of rotation, which is what
astrophysicists expect when the two black holes began their lives as a binary star system.

Now some Galaxy-Galaxy collision simulations
based only on the GR theory as described at this point in our discussion

Boccio research 2003-2008 with undergraduate students at Swarthmore College
Fortran 95 code -1,000,000 stars per galaxy

Some real images…….

Now for discussion that probably should be classified as science fiction, but who
knows!!!!

Warp Drive News. Seriously!
As many others, I became interested in physics by reading too much science fiction.
Teleportation, levitation, wormholes, time-travel, warp drives, and all that, I thought it all was
super-fascinating.
But of course the depressing part of science fiction is that you know so much is not real.
So, to some extent, I became a physicist to find out which science fiction technologies have a
chance to one day become real technologies.
Today I want to talk about warp drives because I think on the spectrum from fiction to science,
warp drives are on the more scientific end.
Let me endeavor to put the idea of warp drives on a much more solid basis.
But first of all, what is a warp drive?
In the science fiction literature, a warp drive is a technology that allows you to travel faster
than the speed of light or “superluminally” by “warping” or deforming space-time.
The idea is that by warping space-time, you can somehow beat the speed of light barrier.
This is not entirely crazy, for the following reason.

**Einstein’s theory of general relativity says you cannot accelerate objects from below to
above the speed of light because that would take an infinite amount of energy.
However, this restriction applies to objects in space-time, not to space-time itself.
Space-time can bend, expand, or warp at any speed. Indeed, physicists think that the
universe expanded faster than the speed of light in its very early phase(called inflation).
General Relativity does not forbid this.

1030 c for 10-35 sec

Thus, there are two points I want to highlight here:
First, it is a really common misunderstanding, but Einstein’s theories of special and general
relativity do NOT forbid faster-than-light motion.
You can very well have objects in these theories that move faster than the speed of light.
Neither does this faster-than light travel necessarily lead to causality paradoxes.
Instead, the problem is that, according to Einstein, you cannot accelerate from below to above
the speed of light.
So the problem is really crossing the speed of light barrier, not being above it.
Being on either side is OK - < c = US …….. > c = TACHYONS - in class

The second point I want to emphasize is that the term “warp drive” refers to a propulsion
system that relies on the warping of space-time, but just because you are using a warp drive
does not mean you have to go faster than light.
You can also have slower-than-light warp drives. I know that sounds somewhat disappointing,
but I think it would be pretty cool to move around by warping spacetime at any speed.
Warp drives were a fairly vague idea until in 1994, when Miguel Alcubierre found a way to
make them work in General Relativity - he found a solution to the the equations…..
His idea is now called the Alcubierre Drive. Let me wander in a general fashion first and
then come back to the some technical details.
The explanation that you usually get for how the Alcubierre Drive works, is that you contract
space-time in front of you and expand it behind you, which somehow moves you forward.
Hopefully, that didn’t really make any sense to you? It should not!
Just among us, it it is not easy to see this.
Because why would this allow you to break the speed of light barrier?
Indeed, if you look at Alcubierre’s mathematics, it does not explain how this is supposed to
work.
Instead, his equations say that this warp drive requires large amounts of negative energy.

This is bad.
It’s bad because, well, there isn’t (at least never been seen) any such thing as negative energy.
And even if you had this negative energy that would not explain how you break the speed of
light barrier.
So how does it work?
Let me sort out the confusion surrounding warp drives.
To understand the problem with the Alcubierre Drive, I have to remind you briefly how General
Relativity works.
General Relativity works by solving Einstein’s field equations.
Here they are.

or

I know this looks somewhat intimidating, but the overall structure is fairly easy to understand.
It helps if you try to ignore all these small Greek indices, because they really just say that there
is an equation for each combination of directions in space-time.
More important is that on the left side you have these R’s.
The R’s quantify the curvature of space-time.

And on the right side you have T.
T is called the stress-energy tensor and it collects all kinds of energy densities and mass
densities.
That includes pressure and momentum flux and so on - EVERYTHING!.
Einstein’s equations then tell you that the distribution of diﬀerent types of energy determines
the curvature, and the curvature in return determines the how the distribution of the
stress-energy changes.
The way you normally solve these equations is to use a distribution of energies and masses
at some initial time.
Then you can calculate what the curvature is at that initial time, and you can calculate how the
energies and masses will move around and how the curvature changes with that.
So this is what physicists usually mean by a solution of General Relativity.
It is a solution for a distribution of mass and energy.
But. You can go in reverse!!
You can instead just take any space-time, put it into the left side of Einstein’s equations, and
then the equations will tell you what the distribution of mass and energy would have to be to
create this space-time.

On a purely technical level, these space-times will then indeed be “solutions” to the equations
for whatever is the stress energy tensor you get.
The problem is that in this case, the energy distribution which is required to get a particular
space-time is, in general, could be entirely unphysical.
And that’s the problem with the Alcubierre Drive.
It is a solution to a General Relativity equations, but in and by itself, this is a completely
meaningless statement.
Any space-time will solve the equations of General Relativity, provided you assume that you
have a suitable distribution of masses and energies to create it.
The real question is therefore not whether a space-time solves Einstein’s equations, but
whether the distribution of mass and energy required to make it a solution to the equations is
physically reasonable.
And for the Alcubierre drive the answer is multiple no’s.
First, as I already said, it requires negative energy.
Second, it requires a huge amount of that.
Third, the energy is not conserved.

Instead, what you actually do when you write down the Alcubierre space-time, is that you just
assume you have something that accelerates it beyond the speed of light barrier.
That it’s beyond the barrier is why you need negative energies.
And that it accelerates is why you need to feed energy into the system.

Let me describe the geometry of a general warp-drive space time.
The warp-drive geometry is basically a bubble.
It has an inside region, which they call the “passenger area”.
In the passenger area, space-time is flat, so there are no gravitational forces.
Then the warp drive has a wall of some sort of material that surrounds the passenger area.
And then it has an outside region.
This outside region has the gravitational field of the warp-drive itself, but the gravitational field
falls oﬀ and in the far distance one has normal, flat space-time.

This is important so you can embed this solution into our actual universe.
What makes this fairly general construction a warp drive is that the passage of time inside of
the passenger area can be diﬀerent from that outside of it.
That’s what you need if you have normal objects, like your warp drive passengers, and want to
move them faster than the speed of light.
You cannot break the speed of light barrier for the passengers themselves relative to
space-time.
So instead, you keep them moving normally in the bubble, but then you move the bubble
itself superluminally. Think StarShip Enterprise…..
As I explained earlier, the relevant question is then, what does the wall of the passenger area
have to be made of?
Is this a physically possible distribution of mass and energy?

It turns out that if you want superluminal motion, you need negative energy densities.
If you want acceleration, you need to feed energy and momentum into the system.
And the only reason the Alcubierre Drive moves faster than the speed of light is that one
simply assumed it does.
Suddenly it all makes sense!
Well that has demystified warp drives.
Now, you may find this somewhat of a downer because really it says that we still do not know
how to accelerate to superluminal speeds.
But I think this is a big step forward because now we have a much better mathematical basis
to study warp drives. Theoretical physicists get excited by diﬀerent things then normal people
For example, once you know how the warped space-time looks like, the question comes
down to how much energy do you need to achieve a certain acceleration.
One can show that for the Alcubiere drive you can decrease the amount of energy by seating
passengers next to each other instead of behind each other, because the amount of energy
required depends on the shape of the bubble.
The flatter it is in the direction of travel, the less energy you need.

For other warp-drives, other geometries may work better.
This is the kind of question you can really only address if you have the mathematics in place.
Another reason I find this exciting is that, while it may look now like you can’t do superluminal
warp drives, this is only correct if General Relativity is correct.
And maybe it is not.
Astrophysicists have introduced dark matter and dark energy to explain what they observe
without changing GR, but it is also possible that GR is ultimately not the correct theory for
space-time and we don’t need dark matter and dark energy - more later.
What does this mean for warp drives?
We don’t know.
But now we know we have the mathematics to study this question.
So, I think this is really neat and it shows that research is a double-edged sword.
Sometimes, if you look closer at a really exciting idea, it turns out to be not so exciting.
And maybe you’d rather not have known.
But I think the only way to make progress is to not be afraid of learning more.

Ignoring all these negative arguments, let me present the Alcubierre (warp) drive
More Details
Recap
Alcubierre drive or Alcubierre warp drive
(or Alcubierre metric, referring to metric tensor in GR)
is speculative idea based on solution of Einstein’s field equations in general relativity
as proposed by theoretical physicist Miguel Alcubierre,
by which spacecraft could achieve apparent faster-than-light travel
if configurable energy-density field lower than that of vacuum
(that is, negative energy
- similar to requirement we will need later for a wormhole) could be created.
Rather than exceeding speed of light within local reference frame,
spacecraft would traverse distances by contracting space in front of it
and expanding space behind it,
resulting in effective faster-than-light travel.
Objects cannot accelerate to speed of light within normal spacetime;
instead, Alcubierre drive shifts space around an object so that object
would arrive at destination faster than light would in normal space.

Although metric proposed by Alcubierre is mathematically valid
(proposal consistent with Einstein field equations),
it may not be physically meaningful, in which case drive will not be possible.
Even if physically meaningful,
its possibility would not necessarily mean that drive can be constructed.
Proposed mechanism of Alcubierre drive implies negative energy density
and therefore requires exotic matter(more later).
So if exotic matter with correct properties does not exist
then drive could not be constructed.
However, at close of original paper
Alcubierre argued
(following an argument developed by physicists analyzing traversable wormholes)
that the Casimir vacuum between parallel plates

hear about later

could fulfill negative-energy requirement for Alcubierre drive.
Another possible issue is that,
although Alcubierre metric is consistent with Einstein’s equations,
general relativity does not incorporate quantum mechanics.

Some physicists have presented arguments to suggest
that theory of quantum gravity (which would incorporate both theories)
would eliminate those solutions in general relativity
that allow for backwards time travel and thus make the Alcubierre drive invalid.
History
In 1994, Alcubierre proposed a method for changing geometry of space
by creating a wave that would cause
space ahead of spacecraft to contract
and space behind it to expand.
Ship would then ride the wave inside a region of flat space,
known as warp bubble.
It would not move within this bubble
but instead be carried along as region itself moves due to actions of drive.
Was thought to use too much negative energy
until physicists showed that amount of energy required
could be reduced if warp bubble were changed into a warp ring.
Two possible images are:

Embedding Diagrams: Remember cannot draw 4-dimensional things!

Alcubierre metric
Alcubierre metric defines warp-drive spacetime.
It is spacetime structure that,
if interpreted in context of general relativity,
allows warp bubble to appear in previously flat spacetime
and move away at effectively superluminal speed.
Interior of bubble is standard reference frame
and inhabitants suffer no proper acceleration.

This method of transport does not involve
objects in motion at speeds faster than light with respect to contents of warp bubble;
that is, a light beam within warp bubble would still always move faster than ship.
Because objects within bubble are not moving (locally) faster than light,
mathematical formulation of Alcubierre metric
is consistent with conventional claims of laws of relativity
(namely, that an object with mass cannot attain or exceed speed of light)
and conventional relativistic effects such as time dilation
would apply as they would with conventional motion at near-light speeds.
Alcubierre drive, however,
remains a hypothetical concept with seemingly difficult problems,
though amount of energy required is no longer thought to be unobtainably large.
For those familiar with effects of special relativity,
such as Lorentz contraction and time dilation,
Alcubierre metric has some apparently peculiar aspects.
In particular, Alcubierre has shown that ship using an Alcubierre drive
travels on free-particle geodesic even while warp bubble is accelerating:
crew would be in free fall while accelerating without experiencing accelerational g-forces.

Enormous tidal forces, however, would be present near edges of flat-space volume
because of large space curvature there,
but suitable specification of metric would keep them very small
within volume occupied by ship.
In general relativity, one often first specifies a plausible distribution of matter and energy,
and then finds geometry of spacetime associated with it;
but is also possible to run Einstein field equations in other direction,
first specifying metric and then finding energy-momentum distribution associated with it
-> what Alcubierre did in building his metric.
This practice means that solution can violate various energy conditions
and require exotic matter.
Need for exotic matter raises questions
about whether one can distribute matter in an initial spacetime that lacks warp bubble
in such a way that bubble is created at later time,
although some physicists have proposed models of dynamical warp-drive spacetimes
in which warp bubble is formed in previously flat space.

Moreover, generating bubble in previously flat space for one-way FTL trip
requires forcing exotic matter to move at local faster-than-light speeds,
something that would require existence of tachyons(discuss),
although when spacetime is not flat from outset,
similar result could be achieved without tachyons
by placing, in advance, some devices along travel path
and programming them to come into operation at preassigned moments
and to operate in preassigned manner.
Some suggested methods avoid problem of tachyonic motion,
but would probably generate naked singularity(no event horizon) at front of bubble.
These findings
do not mean that Alcubierre bubbles, if it were possible to create them,
could not be used as a means of superluminal travel.
It only means that actions required to change metric
and create bubble must be taken beforehand by some observer
whose forward light cone contains entire trajectory of bubble.

Relation to Star Trek warp drive
The Star Trek television series used term “warp drive”
to describe their method of faster-than-light travel.
Neither Alcubierre theory, nor anything similar, existed
when series was conceived,
but Alcubierre stated in an email to William Shatner
that his theory was directly inspired by term used in show,
and references it in his 1994 paper.

WormHoles and Time Machines
We ask this question:
Can a highly advanced civilizations build wormholes through hyperspace
for rapid interstellar travel and machines for traveling backward in time?
A wormhole is hypothetical shortcut for travel between distant points in universe.
Wormhole has two entrances called mouths,
one (for example) near Earth,
and other (for example) in orbit around Vega, 26 light-years away.
Mouths are connected to each other by tunnel through hyperspace
(the wormhole) that might be only kilometer long.
If we enter near-Earth mouth, we find ourselves in tunnel.
By traveling just one kilometer down tunnel we reach other mouth
and emerge near Vega, 26 light-years away as measured in external universe.
The figure below depicts such a wormhole in an embedding diagram.

Even better …..

In the embedding diagram(hyperspace), the space of universe represented as a
two-dimensional sheet.
Just as an ant crawling over sheet of paper is oblivious to whether paper is lying flat
or is gently folded, so we in universe are oblivious to whether universe is lying flat in
hyperspace or is gently folded, as in diagram.
However, the gentle fold is important;
it permits the Earth and Vega to be near each other in hyperspace
so they can be connected by short wormhole.
With wormhole in place,
we, like an ant or worm crawling over embedding diagram’s surface,
have two possible routes from Earth to Vega:

Just an embedding
diagram as we discussed

long, 26-light-year route through external universe,
and short, 1-kilometer route through wormhole.
What would wormhole’s mouth look like,
if it were on Earth, in front of us?
In diagram’s two-dimensional universe wormhole’s mouth is drawn as a circle;
therefore, in our three-dimensional universe
it would be the three-dimensional analogue of a circle,
i.e., it would be sphere!!

In fact, mouth would look something like spherical horizon of a nonrotating black hole,
with one key exception:
A black hole horizon is one-way surface;
anything can go in, but nothing can come out.
By contrast, a wormhole mouth is two-way surface;
we can cross it in both directions, inward into wormhole,
and back outward to the external universe;
This two-way property follows from a wormhole solution for Einstein’s equations as will see.
Looking into spherical mouth, we can see light from Vega;
i.e., light has entered other mouth near Vega and has traveled through wormhole,
as though wormhole were light pipe or optical fiber,
to near-Earth mouth, where now emerges and strikes us in eyes.
Wormholes are not mere figments of a science fiction writer’s imagination.
Were discovered by Ludwig Flamm mathematically, as solution to Einstein’s field equation, in
1916, just few months after Einstein formulated his equation;
Einstein and Nathan Rosen explored them in 1950s;
and John Wheeler and his research group studied them extensively, by variety of mathematical
calculations, also in 1950s.

However, none of wormholes found as solutions of Einstein’s equation
were suitable for travel because none of them could be traversed safely(by humans).
Each and every one of them was predicted to evolve with time in very peculiar way:
Remember an embedding diagram represents only one instant of time —> ned to draw new
embedding diagrams as time passes.
Wormhole is created at some moment
of time, opens up briefly, and then
pinches off and disappears.
Total life span from creation to pinch-off
is so short(Planck time) that nothing
whatsoever, no person, no radiation, no
signal of any sort) can travel through it,
from one mouth to the other.
Anything that tries will get caught
and destroyed in pinch-off.
Figure shows simple example.

Process is as follows
(a) Initially there is no wormhole; instead there is
a singularity near earth and one near Vega.
(b) Then at some moment of time, two
singularities reach out through hyperspace,
find each other, annihilate each other and in
the annihilation create a wormhole.
(c) Wormhole grows in circumference.
(d) Then begins to contract.
(e) Then pinches off.
(f) Creating two singularities similar to to those in which wormhole was born
but with one exception.
Each initial singularity (a) is like that of the big bang; time flows out of it, so it can give
birth to something universe in case of big bang, and wormhole in this case.
Each final singularity (f), by contrast, is like that of big crunch; time flows into it,
so things get destroyed in it
possibly the universe in case of big crunch, and wormhole in this case we are considering.
Anything that tries to cross wormhole during its brief life gets caught in pinch-off
and, along with wormhole itself, gets destroyed in final singularities (f).

Again….
Most physicist colleagues have
been skeptical of wormholes.
Not only does Einstein’s field
equation predict that wormholes
live short lives if left to their own
devices;
their lives are made even
shorter by random infalling bits
of radiation:
Radiation gets accelerated to
ultra-high energy by wormhole’s
gravity,
and as energized radiation
bombards wormhole’s throat,
triggers throat to re-contract and
pinch off far faster than it would
otherwise
so fast, in fact,
that wormhole has hardly any
lifetime at all.

There is another reason for skepticism.
Whereas black holes are an inevitable consequence of stellar evolution
(massive, slowly spinning stars, of just the sort that astronomers see in profusion in our
galaxy, will implode to form black holes when they die),
there is no analogous, natural way for wormhole to be created.
In fact, there is no reason at all to think that our universe, at this moment in time,
contains any singularities of sort that give birth to wormholes (as in above figure),
and even if such singularities did exist,
hard to understand how two of them could find each other in vast reaches of hyperspace,
so as to create wormhole in manner shown above.
However, wormholes, despite skepticism about them seem to be valid to think about.
Perhaps there is some way that an infinitely advanced civilization could hold wormhole open,
that is, prevent it from pinching off,
so that one could travel through it from Earth to Vega and back.
If one calculates,
making calculations easy by idealizing wormhole as precisely spherical
(so in earlier figure, where one of universe’s three dimensions is suppressed,
it is precisely circular in cross section).
Then, find three things:

1. Only way to hold wormhole open is to thread wormhole with some sort of material that
pushes wormhole’s walls apart, gravitationally. Such material is called exotic because, as
shall see, is quite different from any material that any human has ever yet met.
2. Just as required exotic material must push wormhole’s walls outward, so also, whenever
beam of light passes through material, material will gravitationally push outward on
beam’s light rays, prying them apart from each other. In other words, exotic material will
behave like defocusing lens; will gravitationally defocus the light beam. So any spherical
wormhole through which a beam of light can travel must gravitationally defocus light
beam.
To see that this is so, imagine (as drawn) that beam is sent through converging lens
before it enters wormhole,
thereby making all its rays converge radially
toward wormhole’s center.
Then rays will always continue to travel radially
(how else could they possibly move?), which
means that when they emerge from other mouth,
they are diverging radially outward, away from
wormhole’s center, as shown.
Beam has been defocused.
Wormhole’s spacetime curvature, which causes defocusing,
is produced by exotic material that threads through wormhole and holds wormhole open.

Since spacetime curvature is equivalent to gravity,
it is in fact exotic material’s gravity that defocuses light beam.
In other words, exotic material gravitationally repels beam’s light rays,
pushing them away from itself and hence away from each other,
and thereby defocuses them.
Precisely opposite to what happens in gravitational lens(see below)
Here light from distant star is focused by gravitational
pull of an intervening star or galaxy or black hole;
above light is defocused.
3. One learns from Einstein field equation that, in order
to gravitationally defocus light beams and gravitationally
push wormhole’s walls apart, exotic material threading
wormhole must have a negative average energy density
as seen by a light beam traveling through it.
This requires bit of explanation.
Recall that gravity (spacetime curvature) is produced by mass
and that mass and energy are equivalent (E = Mc2).
This means that gravity can be thought of as produced by energy.

Now, take energy density of material inside wormhole
(energy per cubic centimeter),
as measured by light beam,
that is, as measured by someone who travels through wormhole
at (nearly) speed of light
and average that energy density along light beam’s trajectory.
Resulting averaged energy density must be negative
in order for material to be able to defocus light beam
and hold wormhole open,
that is, in order for wormhole’s material to be exotic.
Does not necessarily mean that exotic material has negative energy
as measured by someone at rest inside wormhole.
Energy density is relative concept, not absolute;
in one reference frame it may be negative, in another positive.
Exotic material can have negative energy density
as measured in reference frame of light beam that travels through it,
but positive energy density as measured in wormhole’s reference frame.

Nevertheless, because almost all forms of matter that humans
have ever encountered have
positive average energy densities in everyones reference frame,
physicists have long suspected that exotic material cannot exist.
Presumably laws of physics forbid exotic material,
physicists have conjectured,
but just how laws of physics might do so not at all clear.
Perhaps our prejudice against existence of exotic material is wrong.
Perhaps exotic material can exist.
Key to answer had been provided in 1970s by Stephen Hawking.
In 1970, when proving that surface areas
( proportional to mass inside) of black holes always increase,
Hawking had to assume that there is
no exotic material near any black hole’s horizon.
If exotic material were in horizon’s vicinity, then Hawking’s proof would fail,
his theorem would fail, and horizon’s surface area could shrink.
Hawking didn’t worry much about this possibility, however;
it seemed in 1970 a rather safe bet that exotic material cannot exist.

Then, in 1974, came great surprise:
Hawking inferred as by-product of his discovery of black-hole evaporation
(decreasing surface area)
that vacuum fluctuations near hole’s horizon are exotic:
They have negative average energy density as seen
by outgoing light beams near hole’s horizon.
In fact, this exotic property of vacuum fluctuations permits hole’s horizon
to shrink as hole evaporates, in violation of Hawking’s area-increase theorem(see later).
Because exotic material is so important for physics — explain this in greater detail.
Origin and nature of vacuum fluctuations goes like this.
When one tries to remove all electric and magnetic fields from some region of space,
that is, when one tries to create perfect vacuum,
there always remain plethora of random, unpredictable electromagnetic oscillations
oscillations caused by tug-of-war between fields in adjacent regions of space.
Fields here borrow energy from fields there,
leaving fields there with deficit of energy,
that is, leaving them momentarily with negative energy.
Fields there then quickly grab energy back and with it a little excess,

VACUUM fluctuations

driving their energy momentarily positive, and so it goes, onward and onward.

Under normal circumstances on Earth,
average energy of these vacuum fluctuations is zero.
They spend equal amounts of time with energy deficits
and energy excesses, and average of deficit and excess vanishes.
Not so near horizon of evaporating black hole, Hawking’s 1974 calculations suggested.
Near horizon average energy must be negative,
at least as measured by light beams,
which means that vacuum fluctuations are exotic.
The horizon distorts vacuum fluctuations away from
shapes would have on Earth, and by this distortion
makes their average energy density negative, that is, it makes fluctuations exotic.
Under what other circumstances will vacuum fluctuations be
exotic?
Can they ever be exotic inside a wormhole, and thereby hold
wormhole open?
First, it was proved that in flat spacetime, that is, far from all
gravitating objects, vacuum fluctuations can never be exotic,
can never have negative average energy density as
measured by light beams.

On other hand, was then proved that in curved spacetime,
under very wide variety of circumstances,
curvature distorts vacuum fluctuations
and thereby makes them exotic.
Is a wormhole that is trying to pinch off such a circumstance?
Can curvature of wormhole, by distorting vacuum fluctuations,
make them exotic and enable them to hold wormhole open?
Still do not know.
Now ask.
What things do laws of physics permit an infinitely advanced civilization to do,
and what things do laws forbid?
By infinitely advanced civilization,
mean one whose activities are limited only by laws of physics,
and not at all by ineptness, lack of know-how, or anything else.
Physicists, I believe,
have tended to avoid such questions because they are close to science fiction.
While many of us may enjoy reading science fiction or may even write some,
fear ridicule from our colleagues for working on research close to science fiction fringe.

Therefore have tended to focus on two other, less radical, types of questions:
What kinds of things occur naturally in universe?
(for example, do black holes occur naturally?
and do wormholes occur naturally?).
And what kinds of things can we as humans, with our present or near-future technology, do?
(for example, can we produce new elements such as plutonium
and use them to make atomic bombs?
and can we produce high-temperature superconductors
and use them to lower the power bills for levitated trains
and Superconducting Super-collider magnets?)
By 1990s seemed clear that physicists had been much too conservative in our questions.
Already, one question was beginning to bring payoff.
By asking,
“can infinitely advanced civilization maintain wormholes for rapid interstellar travel?”
physicists had identified exotic material as key to wormhole maintenance,
and triggered somewhat fruitful effort to understand circumstances
under which laws of physics do and do not permit exotic material to exist.

Suppose that our universe was created (in big bang) with no wormholes at all.
Then eons later, when intelligent life evolved
and produced (hypothetical) infinitely advanced civilization,
can that infinitely advanced civilization construct wormholes for rapid interstellar travel?
Do laws of physics permit wormholes to be constructed where previously there were none?
Do laws permit this type of change in topology of our universe’s space?
Physicists want to know whether and how universe’s topology can be changed now,
within confines of physical law.
Can imagine two strategies for constructing wormhole where before there was none:
quantum strategy and classical strategy.
Quantum strategy relies on gravitational vacuum fluctuations,
that is, gravitational analogue of electromagnetic vacuum fluctuations
random, probabilistic fluctuations in curvature of space
caused by tug-of-war in which adjacent regions of space
are continually stealing energy from each other and then giving it back.
Gravitational vacuum fluctuations are thought to be everywhere,
but under ordinary circumstances they are so tiny
that no experimenter has ever detected them.

Just as electron’s random motions become more vigorous
when one confines electron to a smaller and smaller region
so also gravitational vacuum fluctuations are more vigorous in small regions than in large,
that is, for small wavelengths rather than for large.
By combining laws of quantum mechanics and laws of general relativity
in tentative and crude way, was deduced that in region the size
of Planck-Wheeler length 1.62 × 10−33 centimeter or smaller,
vacuum fluctuations are so huge that space boils
and becomes froth of ‘’quantum foam’’ See figure.
Figure shows embedding diagrams illustrating
quantum foam.
Geometry and topology of space are not definite;
instead, they are probabilistic.
They might have,
for example, 0.1% probability for form shown in (a),
a 0.4% probability for (b),
a 0.2% probability for (c),
and so on.

Quantum foam, therefore, is everywhere:
inside black holes, in interstellar space, in room where you sit, in your brain.
But to see quantum foam,
one would have to zoom in with (hypothetical) supermicroscope,
looking at space and its contents on smaller and smaller scales.
One would have to zoom(figure) in from scale of you and me
(hundreds of centimeters)
to scale of an atom (10−13 centimeter),
to scale of an atomic nucleus (10−15 centimeter),
and then on downward by twenty factors of 10
more, to 10−33 centimeter.
Early on at large scales, space would look completely
smooth, with very definite (but tiny) amount of curvature.
As microscopic zoom nears, then passes 10−32 centimeter,
however, one would see space begin to writhe,
ever so slightly at first, and then more and more strongly until,
when region just 10−33 centimeter in size fills downward
supermicroscope’s entire eyepiece,
space has become froth of probabilistic quantum foam.

but discrete???? - in class

Since quantum foam everywhere,
tempting to imagine infinitely advanced civilization
reaching down into quantum foam,
finding in it a wormhole (say, big one with its 0.4 percent probability as will see),
and trying to grab that wormhole and enlarge it to classical size.
In 0.4 percent of such attempts, if civilization were truly infinitely advanced, they might
succeed.
Or would they?
Do not yet understand laws of quantum gravity well enough to know.
One reason for our ignorance is that do not understand quantum foam itself very well.
Aren’t even 100% sure it exists.
However, challenge of this type of thought experiment where
advanced civilization pulling wormholes out of quantum foam
might be of some conceptual help in coming years,
in efforts to firm up our understanding of quantum foam and quantum gravity.
So much for quantum strategy of wormhole creation.
What is classical strategy?

In classical strategy, our infinitely advanced civilization would try to warp and twist space
on macroscopic scales (normal, human scales)
so as to make wormhole where previously none existed.
Seems fairly obvious that, in order for such a strategy to succeed,
one must tear two holes in space and sew them together - figure shows example.

Strategy for making a wormhole illustrated here is
(a) Sock is created in curvature of space.
(b) Space outside sock is gently folded in hyperspace.
(c) Small hole is torn in toe of sock,
hole is torn in space just below the hole,
and edges of holes are sewn together.

Clearly, words
like sock, fold,
torn, edges
and sewn do
not have same
meaning as in
our
macroscopic
world!!!

Strategy looks classical (macroscopic) at first sight.
However, tearing produces, at least momentarily, a spacetime singularity,
that is, sharp boundary at which spacetime ends
and which is governed by laws of quantum gravity,
so strategy is really a quantum one.
Will not know whether is permitted until understand laws of quantum gravity.
Is there no way out?
Is there no way to make wormhole without getting entangled
with ill-understood laws of quantum gravity
no perfectly classical way?
Somewhat surprisingly, there is - but only if one pays a severe price.
In 1966, Robert Geroch of the University of Chicago showed
that one can construct a wormhole by a smooth,
singularity-free warping and twisting of spacetime,
but one can do so only if, during construction,
time also becomes twisted up as seen in all reference frames.

More specifically, while construction going on,
it must be possible to travel backward in time,
as well as forward;
machinery that does construction, whatever it might be,
must function briefly as time machine
that carries things from late moments of construction back to early moments
(but not back to moments before construction began).
Universal reaction to Geroch’s theorem was - surely laws of physics forbid time machines,
and thereby will prevent wormhole from ever being constructed classically,
that is, without tearing holes in space.

published in Physical Review!!!

Therefore, must now ask
Do laws of physics really forbid time machines, and if so, how?
How might laws enforce such prohibition?
Before proceeding with these questions, pause and take stock.
Best understanding of wormholes is this:
If no wormholes were made in big bang, then infinitely advanced civilization might try to
construct one by two methods,
quantum (pulling out of quantum foam) or classical (twisting space-time without tearing it).

Do not understand laws of quantum gravity well enough to deduce
whether quantum construction of wormholes is possible.
Do understand laws of classical gravity (general relativity) well enough to know
that classical construction of wormholes is permitted only if construction machinery,
whatever might be, twists time up so strongly,
as seen in all reference frames, that produces, at least briefly, a time machine.
Also know that, if infinitely advanced civilization somehow acquires wormhole,
then only way to hold wormhole open (so can be used for interstellar travel)
is by threading with exotic material.
Know that vacuum fluctuations of electromagnetic field are promising form of exotic material:
They can be exotic (have negative average energy density as measured by light beam)
in curved spacetime under wide variety of circumstances.
However, do not yet know whether they can be exotic inside wormhole
and thereby hold wormhole open.
From now on assume that infinitely advanced civilization has somehow acquired
wormhole and is holding it open by means of some sort of exotic material;
and ask what other uses, besides interstellar travel, civilization might find for wormhole.

Time Machines
If wormhole can really be held open,
then will permit one to travel over interstellar distances far faster than light.
Doesn’t this mean that one can also use wormhole to travel backward in time?
It was figured out how to construct time machine using two wormholes
that move at high speeds relative to each other.
Shall not describe that time machine here,
because is very, very complicated and there is simpler,
more easily described time machine to which we will come shortly.
Bothersome problem at this point is reflected in question:
How does time decide how to hook itself up through a wormhole?
To make question more concrete, think about this example.
Suppose have very short wormhole,
one whose tunnel through hyperspace is only 50 centimeters long,
and suppose that both mouths of wormhole
two spheres, each 2 meters in diameter
are sitting in a room.
And suppose that I climb through wormhole, head first.

From my viewpoint,
I must emerge from second mouth
immediately after I enter first,
with no delay at all;
in fact, my head is coming out of second
mouth while my feet are still entering first.
Does this mean that someone else in the room,
will also see my head emerging from second mouth while my feet are still
climbing into first, as shown?
If so, then time hooks up through wormhole in same manner as hooks up outside wormhole.
On other hand, I asked myself, isn’t it possible that,
although trip through wormhole takes almost no time as seen by me,
other person must wait an hour
before she sees me emerge from second mouth;
and isn’t it also possible that she sees me emerge an hour before I entered?
If so, then time would be hooked up through wormhole in different manner
than it hooks up outside wormhole.
What could possibly make time behave so weirdly?

On other hand, why shouldn’t it behave in this way?
Only laws of physics know answer.
Somehow, ought to be able to deduce from laws of physics just how time will behave.
As aid to understanding how laws of physics control time’s hookup,
think about more complicated situation.
Suppose that one mouth of wormhole is at rest in my office
and other is in interstellar space, traveling away from Earth at nearly speed of light.
And suppose that, despite this relative motion of its two mouths,
wormhole’s length (length of its tunnel through hyperspace)
remains always fixed at 50 centimeters.
Explained as follows. See figures below.

Each of diagrams is an embedding diagram seen in profile.
Diagrams are sequence of snapshots that depict motion of universe
and wormhole relative to hyperspace.

Relative to hyperspace,
bottom part of our universe is sliding rightward in diagrams,
while wormhole and top part of our universe remains at rest.
Correspondingly, as seen in our universe,
mouths of wormhole are moving relative to each other
(getting farther apart),
but as seen through wormhole they are at rest with respect to each other;
wormhole’s length does not change.
Thus, figure shows how it is possible for length of wormhole to remain fixed
while its mouths, as seen in external universe,
move relative to each other.
As seen in external universe, two mouths are in different reference frames,
frames that move at high speed relative to each other;
and mouths therefore must experience different flows of time.

On other hand, as seen through wormhole’s interior,
mouths are at rest with respect to each other,
so they share common reference frame,
which means that mouths must experience same flow of time.
From external viewpoint they experience different time flows,
and from internal viewpoint, same time flow;
How confusing!
Gradually, confusion subsides and all becomes clear.
Laws of general relativity predict, unequivocally, flow of time at two mouths,
and they predict, unequivocally,
that two time flows will be same when compared through wormhole,
but will be different when compared outside wormhole.
Time, in this sense, hooks up to itself differently through wormhole
than through external universe, when two mouths are moving relative to each other.
And this difference of hookup implies that from single wormhole,
an infinitely advanced civilization can make a time machine.
There is no need for two wormholes.
How?
Easy, if you are infinitely advanced.

To explain how,
consider thought experiment in which humans are infinitely advanced beings.
My friend and I find very short wormhole,
and put one of its mouths in my office and other outside on lawn.
Now, as thought experiment will show,
manner in which time hooked up through any wormhole
actually depends on wormhole’s past history.
For simplicity, assume that when my friend and I first acquire wormhole,
has simplest possible hookup of time:
same hookup through wormhole’s interior as through exterior universe.
In other words, if I climb through wormhole, my friend, I, and everyone on Earth
will agree that I emerge from mouth on lawn
at essentially same moment as I entered mouth in my office.
Having checked that time is, indeed, hooked up through wormhole in this way,
my friend and I then make plan:
I will stay in my office with one mouth,
while my friend takes other mouth on very high speed trip out into universe and back.
Throughout trip, we will hold hands through wormhole as shown .

My friend departs at 9:00 A.M. on 1 January 2001,
as measured by herself, by me,
and by everybody else on Earth.
My friend zooms away from Earth at nearly speed of light for 6 hours
as measured by her own time;
then she reverses course and zooms back,
arriving on front lawn 12 hours after her departure as measured by her own time.
I hold hands with her and watch her through wormhole throughout trip,
so obviously I agree, while looking through wormhole,
that she has returned after just 12 hours, at 9:00 P.M. on 1 January 2001.

Looking through wormhole at 9:00 P.M., I can see not only my friend;
I can also see, behind her, the lawn.
Then, at 9:01 P.M., I turn and look out window-and there I see an empty lawn.
Vehicle is not there; my friend and other wormhole mouth are not there.
Instead, if I had good enough telescope pointed out window,
I would see my friend’s spaceship flying away from Earth on its outbound journey,
a journey that as measured on Earth, looking through external universe,
will require 10 years(this is standard twins paradox),
high-speed twin who goes out and comes back (my friend)
measures time lapse of only 12 hours,
while twin who stays behind on Earth (me)
must wait 10 years for trip to be completed.
I then go about my daily routine of life.
For day after day, month after month, year after year,
I carry on with life, waiting until finally, on 1 January 2011,
my friend returns from her journey and lands on lawn.
I go out to meet her, and find, as expected, that she has aged just 12 hours, not 10 years.

She is sitting there in vehicle, her hand thrust into wormhole mouth,
holding hands with somebody.
I stand behind her, look into mouth,
and see that person whose hand she holds is myself,
10 years younger, sitting in our living room on 1 January 2001.
Wormhole has become time machine.
If I now (on 1 January 2011) climb into wormhole mouth in vehicle,
I will emerge through other mouth in my office on 1 January 2001,
and there I will meet my younger self.
Similarly, if my younger self climbs into mouth in living room on 1 January 2001,
he will emerge from the mouth in vehicle on 1 January 2011.
Travel through wormhole in one direction takes me backward 10 years in time;
travel in the other direction takes me 10 years forward.
Neither I nor anyone else, however,
can use wormhole to travel back in time beyond 9:00 P.M., 1 January 2001.
It is impossible to travel to a time earlier than when wormhole first became a time machine.
Laws of general relativity are unequivocal.
If wormholes can be held open by exotic material,
then these are general relativity’s predictions.

NOTE: that is what Geroch also said!!!

Soon problem arises.
It seems that wormhole would be automatically destroyed
whenever an advanced civilization tries to convert it into a time machine?
Let me explain.
Imagine that my friend is zooming back to Earth with one wormhole mouth in her vehicle
and I am sitting in my office on Earth with other.
Shortly after she turns around and begins zooming home,
it suddenly becomes possible for radiation (electromagnetic waves)
to use wormhole for time travel:
Any random bit of radiation that leaves my office traveling at the speed of light
toward her vehicle can arrive at spacecraft after 5 years time (as seen on Earth),
enter wormhole mouth there,
travel back in time by 5 years (as seen on Earth),
and emerge from mouth on Earth at precisely same moment as it started its trip.
Radiation piles right on top of its previous self, not just in space but in spacetime,
doubling its strength
What’s more, during trip each quantum of radiation (each photon)
got boosted in energy due to the relative motion of the wormhole mouths
(Doppler-shift boost).

After radiation’s next trip out to vehicle then back through wormhole,
it again returns at same time as it left and again piles up on itself,
again with Doppler-boosted energy.
Again and again this happens,
making beam of radiation infinitely strong as shown below(part (a).

In this way, beginning with an arbitrarily tiny amount of radiation,
a beam of infinite energy is created,
coursing through space between the two wormhole mouths.
As beam passes through wormhole it will produce infinite spacetime curvature
and probably destroy wormhole,
thereby preventing wormhole from becoming a time machine.

Thinking about it carefully, however, wormhole would not be destroyed.
We have overlooked overlooked crucial fact
every time beam of radiation passes through wormhole
wormhole defocuses it in manner discussed earlier.

After defocusing, beam emerges from mouth on Earth
and spreads out over wide swath of space,
so that only tiny fraction of it can get caught by mouth on vehicle
and be transported through wormhole back to Earth to pile up on itself (part(b)).
By adding up all radiation from all trips through wormhole
(tinier and tinier amount after each defocusing trip),
turns out that final beam would be weak;
far too weak to destroy wormhole.
This brush with wormhole destruction should warn us
that unexpected dangers await any maker of time machines.

The Matricide Paradox
Among possible controversies, most vigorous was over what is called matricide paradox.
If have time machine (wormhole-based or otherwise),
I should be able to use it to go back in time

remember our example with faster than light
signals in special relativity discussion

and kill my mother before I was conceived,
thereby preventing myself from being born and killing my mother.
Central to matricide paradox is issue of free will
do I, or do I not, as a human-being,
have power to determine my own fate?
Can I really kill my mother, after going backward in time,
or (as in so many science fiction stories)
will something inevitably stay my hand as I try to stab her in her sleep?
what a horrible though!!

Now, even in universe without time machines,
free will is terribly difficult thing for physicists to deal with.
Usually try to avoid it.
It just confuses issues that otherwise might be lucid.
With time machines, all the more so.

It was conjecture at this point to suggest
that there would never be unresolvable paradoxes
for any inanimate object that passes through wormhole
and controversy would only occur when humans go through.
No such luck!
Consider this elegant and simple variant of matricide paradox
a variant that is not entangled with free will
and that therefore should work OK if conjecture were valid.
Take wormhole that has been made into time machine,
and place its two mouths at rest near each other,
out in interplanetary space as shown right.
Details of experiment are:
wormhole is very short
and has been made into time machine,
so that anything that enters right mouth
emerges as measured on outside,
30 minutes before it went in.

Flow of time outside mouth is denoted by symbol t;
flow of time as experienced by billiard ball itself is denoted by τ .
Billiard ball is launched at t = 3∶00 P.M. from indicated location
and with just right velocity to enter right mouth
at t = 3∶45 P.M.
Ball emerges from left mouth 30 minutes earlier at t = 3∶15P.M.,
and then hits its younger self at t = 3∶30P.M.,
knocking itself off track
so it cannot enter right mouth and hit itself.
Thus, if billiard ball is launched toward right mouth from appropriate initial location
and with appropriate initial velocity, ball will enter right mouth,
travel backward in time,
and fly out of left mouth before it entered right (as seen by you and me outside wormhole),
and it will then hit its younger self,
thereby preventing itself from ever entering right mouth and hitting itself.
This situation, like matricide paradox, entails going back in time and changing history.

In matricide paradox, I go back in time
and, by killing my mother, prevent myself from being born.
In this paradox, billiard ball goes back in time and, by hitting itself,
prevents itself from ever going back in time.
Both situations are nonsensical.
Just as laws of physics must be logically consistent with each other,
so also evolution of universe,
as governed by laws of physics,
must be fully consistent with itself
or at least it must be so when universe is behaving classically
(non-quantum mechanically);
The quantum mechanical realm is little more subtle.
Since both I and billiard ball are highly classical objects
(that is, we can exhibit quantum mechanical behavior
only when one makes exceedingly accurate measurements on us)
there is no way that either I or the billiard ball can go back in time
and change our own histories.
So what happens to billiard ball?

To find out we focus our attention
on ball’s initial conditions,
that is, initial location and velocity.
Ask
for same initial conditions
as led to above paradox,
is there any other billiard ball trajectory
that, unlike one in above figure,
is logically self-consistent solution
to physical laws
that govern classical billiard balls?
Yes.
There indeed is a fully self-consistent billiard ball trajectory
that begins with initial data in paradox
and satisfies all laws of physics that govern classical billiard balls.
In fact, there are two such trajectories.
They are shown in figure above.

Let us describe each of these trajectories
in turn, from viewpoint of ball itself.
On trajectory (a) (left half of figure), ball,
young, clean, and pristine, starts out at
time t = 3∶00 P.M., moving along precisely
same route as in original paradox
statement.
A route taking it toward wormhole’s right
mouth.
A half hour later, at t = 3∶30 P.M., young, pristine ball gets hit on its left, rear side,
by an older-looking, cracked ball (which will turn out to be its older self).
Collision is gentle enough to deflect young ball only slightly from its original course,
but hard enough to crack it. Young ball, now cracked, continues onward along its slightly
altered trajectory and enters wormhole mouth at t = 3∶45 P.M., travels backward in time by
30 minutes, and exits from other mouth at t = 3∶15 P.M..
Because its trajectory has been altered slightly by comparison with original paradoxical
trajectory, ball, now old and cracked, hits its younger self a gentle, glancing blow on left,
rear side at t = 3∶30 P.M., instead of vigorous, highly deflecting blow of original arrangement.
Evolution thereby is made fully self-consistent.

Trajectory (b), right half of figure,
is same as (a),
except that geometry of collision is
slightly different,
and correspondingly trajectory
between collisions is slightly different.

In particular, old, cracked ball emerges from left mouth on a different trajectory than in (a),
a trajectory that takes it in front of young, pristine ball (instead of behind it),
and produces a glancing blow on young ball’s front, right side (instead of left, rear side).
One can show that both trajectories, (a) and (b),
satisfy all physical laws that govern classical billiard balls,
so both are possible candidates to occur in real universe
(if real universe can have wormhole-based time machines).
Most disquieting.
Such a situation can never occur in universe without time machines.

Without time machines, each set of initial conditions for a billiard ball
gives rise to one and only one trajectory that satisfies all classical laws of physics.
There is a unique prediction for ball’s motion.
Time machine has ruined this.
There now are two, equally good predictions for ball’s motion.
Actually, situation is even worse than it looks at first sight:
Time machine makes possible an infinite number
of equally good predictions for ball’s motion, not just two.
Now show simple example.
The Billiard Ball Crisis: An Infinity of Trajectories
If a billiard ball is fired between two mouths of a wormhole-based time machine,
there are two trajectories on which it can travel. See figure .
On one (a), it hurtles between mouths unscathed.
On other (b), as it is passing between two
mouths,
it gets hit and knocked rightward, toward right
mouth;
it then goes down wormhole, emerges from left mouth before it went down,
hits itself, and flies away.

Later, a third trajectory was found that satisfies all laws of physics, trajectory (c) below:

Collision, instead of occurring between mouths, occurs before ball reaches mouths’ vicinity.
In fact, collision could be made to occur earlier and earlier,
as in (d) and (e) above,
if ball travels through wormhole several times between its two visits to collision event.
For example, in (e), ball travels up route α gets hit by its older self
and knocked along β and into right mouth;
it then travels through wormhole (and still farther back in time),
emerging from left mouth on γ, which takes it through wormhole yet again
(and even farther back in time), emerging along ε,
which takes it to collision event, from which it is deflected down ζ.

Evidently, there are an infinite number of trajectories
(each with a different number of wormhole traversals)
that all satisfy classical (non-quantum) laws of physics,
and all begin with identically same initial conditions
(same initial billiard ball location and velocity).
One is left wondering whether physics has gone crazy,
or whether, instead, laws of physics can somehow tell us which trajectory ball ought to take.
Do time machines make physics go crazy?
Do they make it impossible to predict how things evolve?
If not, then how do laws of physics choose which trajectory,
out of infinite allowed set, a billiard ball will follow?
In search of an answer must turn from classical laws of physics to quantum laws.
Why quantum laws?
Because they are ultimate rulers of our universe.
For example, laws of quantum gravity have ultimate control over gravitation
and structure of space and time.

Einstein’s classical, general relativistic laws of gravity
are mere approximations to quantum gravity laws
approximations with excellent accuracy when one is far from all singularities
and looks at spacetime on scales far larger than 10−33 centimeter,
but approximations nevertheless.
Similarly, classical laws of billiard ball physics, which we have used in studying paradox,
are mere approximations to quantum mechanical laws.
Since classical laws seem to predict nonsense
(an infinity of possible billiard ball trajectories),
one hoped that quantum mechanical laws would give deeper understanding.
Rules of game are very different in quantum physics than in classical physics.
When one provides classical laws with initial conditions,
they predict what will happen afterward
(for example, what trajectory ball will follow);
and, if there are no time machines, their predictions are unique.
Quantum laws, by contrast, predict only probabilities for what will happen,
not certainties
(for example, probability that ball will travel through this, that, or another region of space).

In light of these rules of quantum mechanical game,
answer obtained from quantum mechanical laws is not surprising.
It said that if ball starts out moving along original paradoxical trajectory (time t=5:00 P.M.),
then will be a certain quantum mechanical probability - say, 48 percent for it subsequently to follow trajectory (a) above, and certain probability
say, also 48 percent - for trajectory (b),
and certain (far smaller) probability
for each of infinity of other classically allowed trajectories.
In any one experiment, ball will follow just one of trajectories that classical laws allow;
but if perform huge number of identical billiard ball experiments,
in 48 percent of them ball will follow trajectory (a),
in 48 percent trajectory (b), and so forth.
This conclusion is somewhat satisfying.
It suggests that laws of physics might accommodate themselves to time machines fairly nicely.
There are surprises,
but there seems not to be any outrageous predictions,
and there is no sign of any unresolvable paradox.

A Final Thought…….

