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Ruminating . . ..

APPARENT CONTRADICTION

1. Human choice is DEEP in general
relativity ---and apparently unavoidable.

2. Science predicts measurements,
not arbitrary human constructs.

QUESTION: How does general relativity extract
measurement predictions from arbitrary human
choices?

BACKGROUND:

Exploring Black Holes: Undergraduate intro to general
relativity using only single-variable calculus.

First edition with John Archibald Wheeler.

Second edition with Edmund Bertschinger,
cosmologist and Head MIT Physics Department.

After several years of collaboration, new vision emerging
--- a surprise to both of us.



INTRODUCED USING QUOTATIONS:

Ever since Francis Bacon, it had been believed that the
laws of Nature were there to be “discovered,” if only one
made the right experiments. Einstein taught us differently.
He stressed the vital role of human inventiveness in the
process. Newton “invented” the force of gravity to explain
the motion of the planets. Einstein “invented” curved
spacetime and the geodesic law; in his theory there is no
force of gravity. If two such utterly different mathematical
models can (almost) both describe the same observations,
surely it must be admitted that physical theories do not tell
us what nature is, only what it is like. The marvel is that
nature seems to go along with some of the “simplest”
models that can be constructed . . .

----Wolfgang Rindler



Physical concepts are free creations of the
human mind, and are not, however it may
seem, uniguely determined by the external

world.

----Albert Einstein & Leopold Infeld

Back to the “force” of gravity:

Introductory physics ties itself in knots
trying to explain weightlessness.

No one in this room has ever felt the force
of gravity --- and we do not feel it now.



Looking back, Einstein wrote:

The basic demand of the special theory of
relativity (invariance of the laws under Lorentz-
transformations) is too narrow, I.e., that an
Invariance of the laws must be postulated relative to
nonlinear transformations of the co-ordinates . . . .

This happened in 1908. Why were another seven
years required for the construction of the general
theory of relativity? The main reason lies in the
fact that it is not so easy to free oneself from the
Idea that coordinates must have an immediate
metrical meaning.

---Albert Einstein (boldface added)

Immediate metrical meaning = directly measurable



CHALLENGE: To understand in the next ten minutes what
took Einstein seven years. (It took me two years to absorb

this, even though every general relativist understands it.)

FLAT BOARD

Measure directly distance between points.
Distances PQ & RS: directly measurable.

No coordinate system required.
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FLAT BOARD

WE can CHOOSE a Cartesian coordinate system.
Because of our choice, individual coordinate
differences x and y, ARE directly measurable:

& = X2 +y?

Measurement! Arbitrary human choice

Also true in tiny area of cutting board

ds =dx* +dy’



Right side of Pythagorean formula rests on arbitrary
human choice of Cartesian coordinates.

Left side, s, Is an INVARIANT, same for all rotations
of axes, all will PREDICT the same directly-
measured result.

Drummed into us: “reality” of x and y, which we are
told have “an immediate metrical meaning”

» High school geometry: Cartesian coords

* Ancient Egyptians surveying from the hills
to restore x and y farm plots in flood plane.

» Undergraduate physics, vector components.

But we can CHOOSE different coordinate systems

New coordinates: Fishnet made of rubber bands.



R
7] 8 9? 70? X
"stretch" coordinates

centimeters

FLAT BOARD
ds® = F(x)dx® +dy?
Measurement Arbitrary human choice

Coordinate difference PQ = 3 units
Coordinate difference RS =1 unit
NOT measured distances
Coordinate differences do NOT have
“an immediate metrical meaning”



SUMMARY':

On a flat surface we MAY choose a
coordinate system such that coordinate
differences DO have “an immediate metrical
meaning” . . .

. . .. but we do not have to.

NEXT: We CANNOT cover a curved
surface with Cartesian coordinates,

or any coordinate system such that
coordinate differences have “an immediate
metrical meaning” everywhere on that

surface
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Left side: Directly-measurable distance

Right side: Human creative choice

Compare with arbitrary flat-board metric.
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SUMMARY OF SPACE METRICS:

Left side:
Measurable reality!

Right side:

Human choice

Human creativity

Human power

Human irrelevance!
NATURE DOES NOT CARE.

Resulting caution:
Do not confuse difference in arbitrary
coordinate with measurable distance.
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MOVE ON TO RELATIVITY

SURFACE POINTS =~ SPACETIME EVENTS
IN FLAT SPACETIME (should be famous eqgn!)

n2 _ 42 2
—t # S between events

11
where t Ctsecom time t measured in meters

(OR YEARS AND LIGHT-YEARS)

! IS WRISTWATCH TIME, PREDICTS MEASUREMENT:

STONE MOVES FROM ONE EVENT TO THE OTHER:
WRISTWATCH READS |

SlI

SPEED: \/ = — 1 For LiGHT

t

! IS AN INVARIANT, THE SAME FOR ROCKET FRAME
EVERYONE PREDICTS SAME MEASUREMENT.

MINUS SIGN? GUARANTEES CAUSE AND EFFECT
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In flat spacetime we CAN CHOOSE a Cartesian
coordinate system and synchronized clocks.

Then both space and time have “an immediate
metrical meaning”---can be measured directly.

This is a human construct: nature does not care!
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In flat spacetime, differential forms also valid:

d"* =dt° #ds
where (Cartesian coordinate system)
ds = dx® + dy”

or (polar coordinate system)

ds’ =dr*+r*d"?

PREVIEW: We will come back home
to flat spacetime and make ALL our
measurements in a local inertial frame.
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We cannot cover CURVED spacetime with
Cartesian coordinates and synchronzied clocks.
Schwarzschild, nonspinning black hole SPACETIME
METRIC for curved empty spacetime on a spatial
plane through its center of attraction:

# 2
an_ _2_M dt ) d ) rZd*Z
( 2M &

&

Left side: Measurable. (Meaning for clock at rest.)

Right side: human creative choice (mass in meters)
_GM,,

C2

Metric derived from Einstein!s field equations.

These coordinates do NOT have “an immediate
metrical meaning” --- and there are a huge number

of alternative arbitrary coordinate systems.
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As a reminder, call coordinates on right side:
MAP COORDINATES

You do not drive on a highway map.

MORE MYTHICAL BEASTS WORTH TAMING:

Derive energy and angular momentum
global constants of motion in Schwarzschild map
coordinates. Use them to predict orbits.

These guantities -- map energy and map angular
momentum -- are unicorns: mythical beasts.
Nobody observes or measures them.

Why use them? To predict GLOBAL orbits.
Can use (almost) any global coordinate system.
Plug into Einstein field equations, get metric.

Technical name for principle:
Principle of general covariance
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SUMMARY I.
One of the fundamental principles of general relativity (the

principle of general covariance) states that all spacetime
coordinate systems are equally valid for the description of
nature and that metrics that are related by a coordinate
transformation are physically equivalent. This principle
sounds simple enough, but one repeatedly finds in the
literature arguments that amount to advocacy for the
interpretation based on one set of coordinates to the
exclusion of the interpretation that is natural when using
another set of coordinates for the same set of events. It
has been said that each generation of physicists must
learn anew (usually the hard way) the meaning of

Einstein's postulate of general covariance.

----Richard J. Cook and M. Shane Burns

THIS was Einstein!s seven-year perplexity.
Congratulations: You understand!

IMPORTANT for students to know this.
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SUMMARY II.
Even the best cookery book is no substitute for even

the worst dinner. The fact seems sufficiently
obvious. And yet, throughout the ages, the most
profound philosophers, the most learned and acute
theologians have constantly fallen into the error of
identifying their purely verbal constructions with
facts, or into the yet more enormous error of
Imagining that symbols are somehow more real than

what they stand for.

--- Aldous Huxley

1. Human arbitrary choice is DEEP in general
relativity ---and apparently unavoidable.

2. Science predicts measurements,
not arbitrary human constructs.
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QUESTION: HOW does general relativity extract
measurement predictions from arbitrary human
choices?

Answer, two parts: FUNDAMENTAL and USEFUL

FUNDAMENTAL.:
Only left side of metric predicts measurements.
(Every general relativist understands this.)

USEFUL:

Can make measurements in a local inertial frame,
where coordinate differences ARE directly
measurable. Use special relativity, yay!

(Our new vision of the subject.)
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BACK TO ANALOGY OF SURFACES:
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Why use increments and approx sign?
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LOCAL FRAME CAN BE EFFECTIVELY FLAT

At that moment there came to me the happiest
thought of my life . . . . for an observer falling freely
from the roof of a house no gravitational field exists
during his fall---at least not in his immediate vicinity.
That is, if the observer releases any objects, they
remain in a state of rest or uniform motion relative to
him, respectively, independent of their unique
chemical and physical nature. Therefore the
observer is entitled to interpret his state as that of
“rest.”

---Albert Einstein
Translation: Can ALWAYS drop into a local inertial

frame and use special relativity.

All politics is local.
---Thomas Phillip “Tip” O'Neill, MA Politician
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Extend Einstein!s happiest thought:
Can always and anywhere “let go” and drop into a

local inertial frame where special relativity rules:

1 1 2 O L 2 O 11 2
#2 $ tinertial /0 yinertial 0 X

Inertial

We CHOOSE local special relativity coordinates
(Cartesian coordinates and synchronized clocks)
which DO “have an immediate metrical meaning.”
On Earth we do this every minute of every day.

For relativistic particles, our local frame is inertial.

Some local inertial frames, which we can locate
anywhere with directly measurable coordinates:
--> Earth!s surface

--> Radially falling observer

--> Orbiting observer.
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* Inertial frames are local . Cannot be global. If too
extended, spacetime curvature leads to unequal
accelerations in different locations.

These differences are called tidal for ces.

« Cannot get rid of tidal forces : They are
FUNDAMENTAL evidence for spacetime curvature.

* Inertial frames must be limited in extent  (in space and

time) so tidal forces do not affect measurements.
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GLOBAL SUMMARY

® In flat spacetime, we CAN CHOOSE Cartesian

coordinates and synchronized clocks so spacetime
coordinate differences can be measured directly.

® In curved spacetime, we CANNOT choose global
coordinates that are directly measurable everywhere.

® Global coordinates are arbitrary: a human choice, but
are necessary to analyze global orbits and other effects.

® Metric (our coordinates; Einstein!s field equations)

converts differences in arbitrary coordinates into
measurable physical quantities.

® Anywhere and at any time we can CHOOSE to “let go”

and enter a local INERTIAL frame. There we make
measurements using local time and Cartesian space
coordinates that ARE directly measurable.
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THIS TALK: Boxes with double lines.

Examine heavy horizontal arrow between these boxes.

EINSTEIN'S FIELD EQUATIONS

SPECIAL RELATIVITY

THIS BOOK

 / Spacetime is globally curved.

"Think globally; measure locally."

Spacetime is locally flat. Y

GLOBAL METRIC
is in global "map" coordinates, : LI
which we choose (almost) arbitrarily. || which we choose to be inertial.

NOBODY OBSERVES ALL MEASUREMENTS ARE LOCAL

OR MEASURES MAP QUANTITIES

LOCAL METRIC
is in local "frame" coordinates,

But local observer has no global view.

! v

Principle of Maximal Aging

combines global map and local frame coordinates
to derive global constants of motion, such as

map energy and map angular momentum,
which we use to predict global orbits.
But we observe orbiting objects locally.

\

,

SEEING
Orbiting light

NONSPINNING BLACK HOLE SPINNING BLACK HOLE
Plunging and orbiting stone Spacetime whirlpcol

Orbiting stone and light

GLOBAL POSITIONING SYSTEM
GRAVITATIONAL WAVES

INSIDE THE BLACK HOLE
EXPANDING UNIVERSE

MERCURY'S PERIHELION ADVANCE

COSMOLOGY

EINSTEIN'S FIELD EQUATIONS

Spherical solutions

THIS BOOK

THIS BOOK
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NESTED SHELLS CONCENTRIC TO BLACK HOLE
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On a piece of one shell, define local inertial frame:
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Technical: How to derive local frames from

map coords
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On shell, take average radius
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SPECULATIONS

General relativity one of our most fundamental theories.

1. Requires deep, unavoidable arbitrary human choice
Is choice also central to other fields?

* Quantum mechanics?
(“Schroedinger invented the wave function.
Heisenberg invented matrix mechanics.”)

e Chemistry?
e Biology?
« Medicine?

 Financial system?

2. What is the difference between human
creative choice in science and in the arts?

Answer? Difference is social: Scientists agree
on complicated criteria to determine which
invented theory has been verified: Basically,
PREDICT OBSERVED MEASUREMENTS.
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THE WAY SCIENCE (AND THE LAW) WO RKS

It!s a meandering, largely unconscious
process of trial and error.

The mind tries on different solutions to see
If they fit. . . . Sometimes you feel yourself
getting closer to a conclusion, and
sometimes you feel yourself getting farther
away. The emotions serve as guidance
signals, like from a GPS, as you feel your
way toward a solution.

Then — often while you!re in the shower or
after a night!s sleep — the answer comes to
you. You experience a fantastic rush of
pleasure that feels like a million tiny
magnets suddenly clicking into alignment.

---David Brooks column entitled
The Empathy Issue: Supreme Court nominee
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Our black hole = Emily Dickinson!s well:

What mystery pervades a well!
The water lives so far --

A neighbor from another world
Residing in a jar.

Whose limit none have ever seen,
But just his lid of glass --

Like looking every time you please
In an abyss!s face!

The grass does not appear afraid,

| often wonder he

Can stand so close and look so bold
At what is awe to me.
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But nature is a stranger yet;

The ones that cite her most

Have never passed her haunted house,
Nor simplified her ghost.

To pity those who know her not

Is helped by the regret

That those who know her, know her less
The nearer her they get.

---Emily Dickenson, about 1877
(Franklin 1433 A)

John Wheeler: The larger the island of
knowledge, the longer the shoreline of
ignorance -- and wonder.
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DROPSITE exploringblackholes.com

Overheads for this talk: APPhysicsTalk
Overview of strategy: AJPGuestEditorial.pdf
Summary graphic of logic line: BackCover
Contents: Contents

Student feedback reading memos:
ReadingMemos.pdf

Wheeler!s Rules of Writing:
WheelersRulesofWriting.pdf

Be an advisor!

Dating convention:
FileNameYYMMDDv#.pdf
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