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To all who struggle to understand this strange world



Preface

The standard books on relativity do not usually address the questions
of the physical meaning of relativistic effects and the nature of space-
time. This book deals specifically with such conceptual questions. All
kinematic consequences of special relativity are analyzed by explicitly
asking whether the physical objects involved in these effects are three-
dimensional or four-dimensional; this is equivalent to asking whether
those objects exist only at the present moment of their times, as our
common sense suggests, or at all moments of their histories. An answer
to the question of the dimensionality of physical objects will resolve the
issue of the nature of spacetime — whether spacetime is just a math-
ematical space (like a seven-dimensional color space, for instance) or
represents a real four-dimensional world.

This book is intended for physicists, philosophers of science, philoso-
phers, physics and philosophy students, and anyone who is interested
in what special relativity is telling us about the world.
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1 Introduction

This is not a typical book on relativity. It puts the emphasis on concep-
tual questions that lie beyond the scope of most physics books on this
subject. The idea of such a book started to emerge more than twenty
five years ago when I was struggling to understand the meaning of the
consequences of special and general relativity. At that time I failed to
find any physics books on relativity which addressed questions that
looked so obvious to me. Here are three examples of such questions:

e [t is stated in all books on special relativity that uniform motion is
relative but no need has been seen to explain why absolute uniform
motion does not exist. Answering this question is crucial for a gen-
uine understanding of special relativity as the following apparent
paradox demonstrates. Our common sense tells us that if a body
moves in space it moves with respect to space. And indeed if we
consider different examples of something moving in something else,
it does appear that the expressions ‘moving in’ and ‘moving with
respect to’ are equivalent. However, according to relativity such a
conclusion is wrong since it is implicitly based on the idea of abso-
lute motion. Therefore in relativity it is still correct to say that an
object moves in space but not with respect to space. It is precisely
here that the question of the non-existence of absolute uniform mo-
tion should be addressed in order to explain the profound depth of
what lies behind the seemingly innocent difference between the two
expressions.

e Another important issue that needs special attention is the physical
meaning of the relativity of simultaneity. Logically, it comes after
the question of absolute motion and can be approached differently
depending on whether it is discussed in a physics or philosophy of
physics class. In a physics class on relativity, my favourite prob-
lem for starting the analysis of what the physical meaning of the
relativity of simultaneity is is the following;:
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An inertial reference frame S’ moves with respect to another
inertial reference frame .S in the positive x direction of S. The
clocks in S and S’ are synchronized at the instant t = ¢/ =
0 when the coordinate origins O and O’ of the two frames
coincide. At this moment a light wave is emitted from the
point O = O'. After time ¢ it is observed in S that the light
wave is spherical with a radius » = ¢t and is described by the
equation 72 = x2 + y? + 22, which means that the center of
the light sphere as determined in S is at O. Find the shape of
the light wavefront in S’ at time ¢'. Is it also a sphere whose
center is at O'? If so, does this lead to a paradox? If not, does
this lead to a contradiction with the principle of relativity?
The relativity principle requires all physical phenomena to look the
same in all inertial reference frames. Therefore an observer in S’
should determine that the wavefront of the propagating light signal
is also a sphere whose center is at O’. This conclusion is confirmed
by the Lorentz transformations. But our everyday experience tells
us that there must be something totally wrong here — the center
of the same light wave cannot be at two different places (at O
and O’ which may be thousands of kilometers apart). The standard
explanation of this apparent paradox is the following: the wavefront
of the propagating light sphere constitutes a set of simultaneous
events and since according to relativity simultaneity is relative, the
observers in S and S’ have different sets of simultaneous events and
consequently different light spheres. This is a correct explanation.
But are you satisfied? I doubt it. This explanation is conceptually
incomplete since it merely shifts the paradox from the specific case
of light propagation to the relativity of simultaneity itself. What
remains unexplained is why the two observers in S and S’, who
are in relative motion, have different sets of simultaneous events
and therefore different light spheres (one centered at O and the
other at O’) given the fact that the two spheres originated from
a single light signal. If the physical meaning of the relativity of
simultaneity is explained conceptually then this apparent paradox
will be explained as well.
The above two questions as well as the question of the physical
meaning of length contraction, time dilation, and the twin para-
dox all lead to the same major issue — how spacetime should be
understood. Almost a century after Hermann Minkowski united
space and time into an indivisible four-dimensional entity — now
called Minkowski spacetime — the question “What is the nature of
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spacetime?” still remains open. In my view, this question should
be addressed, not only in papers and books on the philosophy of
spacetime, but in every physics book or university physics course
on relativity. So far this has not been done, perhaps because most
physicists seem to believe that their job is to make predictions which
can be experimentally tested and that they need not bother about
conceptual questions such as the following: Is Minkowski spacetime
nothing more than a four-dimensional mathematical space which
represents an evolving-in-time three-dimensional world or a mathe-
matical model of a four-dimensional world with time entirely given
as the fourth dimension? However, such conceptual questions can-
not be avoided since the ultimate intellectual goal of all sciences,
including physics, is to understand the world we live in.

In fact, even apart from pure intellectual curiosity, physicists them-
selves do need to address issues dealing with the interpretation of rela-
tivity if they want to offer some explanation of relativistic effects, which
can make their mathematical description more transparent. Take for
example length contraction as depicted in the figure below. Two in-
ertial observers A and B in relative motion are represented by their
worldlines (the lines of their entire lives in time). A meter stick is at
rest in A’s reference frame and is represented by its worldtube (its
entire history in time) in the spacetime diagram shown in the figure.

Y 9N

The length of the meter stick is measured by A and B at event M
when the observers meet, i.e., at the moment they set their clocks to
zero: t4 = tB = 0. As any length measurement requires that both ends
of the meter stick be measured at the same time, and since A and B
have different sets of simultaneous events, it follows that what A and
B regard as their meter stick is, in fact, a different three-dimensional
cross-section of the meter stick’s worldtube. As the z axes of A and B
intersect the worldtube at different angles, the two cross-sections L4
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and Lp are of different lengths, and this ezplains why A and B measure
different lengths for the meter stick. The exact relation between the
two lengths is obtained by the Lorentz transformations, which do show
that Lp < Ly4.

It is here that physicists cannot avoid the conceptual question of
the nature of the meter stick’s worldtube: Is the worldtube nothing
more than just a graphical representation of the length contraction
or a real four-dimensional object containing the whole history in time
of the three-dimensional meter stick? It is clear from the spacetime
diagram that, if we reject the reality of the worldtube of the meter
stick, then A and B cannot have different cross-sections since only
A’s meter stick of length L4 would exist. This means that the same
meter stick of the same length L4 would exist for B as well and no
length contraction would be possible. Therefore the very existence of
the relativistic length contraction seems to imply the reality of the
meter stick’s worldtube. This in turn implies the reality of Minkowski
spacetime, since four-dimensional objects exist in a four-dimensional
world.

Most books on relativity do not use spacetime diagrams specifically
in the discussions of kinematic relativistic effects and do not face the
immediate need to address the issue of the nature of Minkowski space-
time. Once obtained through the Lorentz transformations, these effects
are not usually explained any further. In my view, such an approach is
unsatisfactory for two reasons. Most importantly, physics is much more
than its mathematical formalism and therefore everything should be
done to provide a physical explanation of the results obtained through
the Lorentz transformations. Secondly, if relativists themselves make
no effort to shed some light on the meaning of the relativistic effects,
different accounts start to emerge which in many cases are inconsistent
with relativity itself.

One of the main reasons for writing this book is to address the issue
of the physical meaning of the relativistic effects and the nature of
spacetime by analyzing what the mathematical formalism of relativity
is telling us. More specifically this is done:

e by carrying out an analysis of the idea of absolute motion starting
from Aristotle’s view on motion,

e by explicitly addressing the question of existence and dimensional-
ity of the objects (rulers, clocks, twins, etc.) involved in the rela-
tivistic effects.
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Part One entitled From Galileo to Minkowski starts with a chapter
on the idea of absolute motion and how it was brought to its logical
end by Galileo’s refutation of Aristotle’s view on motion. Chapter 3
is devoted to exploring the internal logic of Galileo’s principle of rela-
tivity. I will argue that special relativity, and more precisely its four-
dimensional formulation given by Minkowski, is logically contained in
Galileo’s principle of relativity (with a single additional assumption —
that the speed of light is finite, which was determined experimentally
in Galileo’s century). An important result of this chapter will be the
non-trivial conclusion that the non-existence of absolute uniform mo-
tion implies that the world is four-dimensional (or, equivalently, if the
world were three-dimensional, absolute uniform motion had to exist
because, as we will see in Chap. 3, a single three-dimensional world
implies that ‘moving in space’ is equivalent to ‘moving with respect to
space’). Further exploration of the consequences of Galileo’s relativity
principle leads to all kinematic relativistic effects which are derived in
Chap. 4. These derivations demonstrate that the relativistic effects are
merely manifestations of the four-dimensionality of the world, whose
geometry is pseudo-Euclidean, since these effects have direct analogs
in the ordinary three-dimensional Euclidean space. One of the objec-
tives of Part One is to show that special relativity could realistically
have been formulated significantly earlier.

Part Two entitled On the Nature of Spacetime — Conceptual and
Philosophical Issues is the most provocative of the three parts of the
book. But it had to be written since the issues raised by the theory of
relativity have challenged our entire world view in an unprecedented
way. Never before has a scientific theory called for such a drastic re-
vision of concepts that we have hitherto regarded as self-evident, such
as the existence of:

e objective change,
e objective flow of time,
o free will.

In my view, special relativity has posed perhaps the greatest intellec-
tual challenge humankind has ever faced. In this situation the best
way to take on the challenge is to deal directly with its very core —
the question of the nature of spacetime — since this question logically
precedes the questions of change, flow of time, and free will. As we will
see in Chap. 5, these issues crucially depend on what the dimensional-
ity of the world is, which demonstrates that they are indeed preceded
by the issue of the nature of spacetime.
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For this reason the first chapter of Part Two (Chap. 5) examines
the issue of the nature of Minkowski spacetime and argues that it is
special relativity alone and the experimental evidence that confirms its
predictions that can resolve this issue. This argument comes from the
analysis carried out in the chapter which shows that special relativity
is valid only in a four-dimensional world represented by Minkowski
spacetime. Otherwise, if the world were three-dimensional, none of
the kinematic relativistic effects would be possible, provided that the
existence of the physical objects involved in the relativistic effects is
assumed to be absolute (frame-independent). The only way to pre-
serve the three-dimensionality of the world is to relativize existence.
However, even this extreme step contradicts relativity itself and more
specifically the twin paradox effect.

The profound implications of relativity (and its requirement that
the world be four-dimensional) for a number of fundamental issues
such as conventionality of simultaneity, temporal becoming, flow of
time, free will, and even consciousness are also discussed in Chap. 5.
It is shown that, in the four-dimensional Minkowski world:

the definition of simultaneity is necessarily conventional,

there are no objective becoming and time flow,

there is no free will,

the concept of consciousness (implicitly defined by Hermann Weyl
[1] as an entity which makes us aware of ourselves and the world
only at the moment ‘now’ of our proper time) is needed to reconcile
the major consequence of special relativity that external reality
is a timelessly existing four-dimensional world with the fact from
our experience that we realize ourselves and the world only at the
present moment.

It is these conclusions that constitute the intellectual challenge men-
tioned above. The most tempting way out of it is to declare them ab-
surd or undoubtedly wrong. That is fine, if such a declaration is backed
up by arguments demonstrating why those conclusions are wrong. A
way to avoid facing the challenge is to subscribe to the view that we
should accept the theory of relativity but should make no metaphysical
pronouncement regarding the nature of spacetime. Such a view, how-
ever, completely ignores the fact that an analysis of the consequences
of special relativity clearly shows that the challenge is there.

There exist two other approaches which try to avoid the challenge
posed by special relativity. They purport to show that we should not
bother about metaphysical conclusions drawn from special relativity
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for two reasons. According to the first approach the fact that relativ-
ity describes the world as four-dimensional and deterministic should
not be taken as the whole truth since quantum mechanics, quantum
gravity, and other modern physical theories are telling us different sto-
ries. Leaving aside the fact that quantum gravity and some of the
modern physical theories are not yet accepted theories, Chap. 6 will
make use of the results of Chap. 5 that it is the experimental evidence
confirming the consequences of special relativity that contradicts the
three-dimensionalist view. It would be really another story if the ex-
perimental evidence confirming the predictions of quantum mechanics
contradicted the four-dimensionalist view. But this is not the case.
Chap. 6 will present two arguments which demonstrate that quantum
mechanics has nothing to say on the nature of spacetime.

Chapter 7 deals with the second approach according to which spe-
cial relativity cannot tell us anything definite about the external world
because, like any other theory, it may be disproved one day. We will see
that this desperate attempt to avoid the challenge posed by relativity
fails too. Again, this argument completely ignores the fact that it is
the experimental evidence confirming the predictions of special rela-
tivity that contradicts the three-dimensionalist view. As experimental
evidence cannot be disproved, any attack on the four-dimensionalist
view should challenge the claim that experiment itself contradicts the
accepted three-dimensionalist view. I will argue in this chapter that
a scientific theory will never be disproved in its area of applicability
where its predictions have been experimentally confirmed.

The main purpose of Part Two is to show convincingly that the
challenge to our world view arising from special relativity — that the
world is four-dimensional — is real. That is why it is only fair to face
it now instead of leaving it for future generations.

Part Three entitled Spacetime, Non-Inertial Reference Frames, and
Inertia further explores the consequences of the four-dimensionality of
the world for physics itself. Chapter 8 starts by showing that relativ-
ity has resolved the debate over acceleration — whether it is absolute
as Newton thought or relative as Leibnitz and Mach insisted. A body
moving by inertia (with no acceleration) is represented in Minkowski
spacetime by a straight worldtube; if the body accelerates, its world-
tube is curved. Therefore, special relativity clearly shows that acceler-
ation is absolute — there is an absolute difference between straight and
curved worldtubes (and these worldtubes are, as argued in the book,
not just convenient graphical representations but real four-dimensional
objects).
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The situation in general relativity is the same. The analog of a
straight worldtube in a curved spacetime is a geodesic worldtube. A
body moving by inertia (with no curved spacetime acceleration) is rep-
resented by a geodesic worldtube; if the body accelerates, its worldtube
is deformed, i.e., deviated from its geodesic shape. Unlike relative ve-
locity which cannot be discovered, an absolute acceleration should be
detected experimentally. And indeed the propagation of light in a non-
inertial reference frame, in which an accelerating body is at rest, turns
out to be anisotropic — the average velocity of light depends on the
body’s acceleration. (The speed of light is ¢ in all inertial reference
frames in special relativity and in all local inertial reference frames
in general relativity.) Most of Chap. 8 is devoted to the propagation
of light in non-inertial reference frames — a topic that has received
little attention up to now. The chapter ends with a discussion of the
gravitational redshift effect and the Sagnac effect.

Chapter 9 shows that the potential and the electric field of a non-
inertial charge can be calculated directly in the non-inertial reference
frame in which the charge is at rest (without the need to transform the
field from a comoving or local inertial frame) if the anisotropic velocity
of light in that frame is taken into account. It is shown that the average
anisotropic velocity of light in a non-inertial reference frame gives rise
to a hitherto unnoticed anisotropic (Liénard—Wiechert-like) volume
element which leads to the correct expressions for the potential and
electric field of a charge in such a frame.

Chapter 10 addresses a natural question: If the deformed worldtube
of an accelerating body is a real four-dimensional object, can the iner-
tial force resisting the body’s acceleration be regarded as originating
from a four-dimensional stress in the body’s worldtube which arises
when the worldtube is deformed? It is argued in this chapter that in-
ertia is another manifestation of the four-dimensionality of the world.
Although the existence of inertia cannot be regarded as a definite proof
of the reality of spacetime, it is shown in the chapter that, if the world
is four-dimensional, inertia must exist.



Part I

From Galileo to Minkowski
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Part I Objectives

The main objective of this part is to show that there exists a logical
link between Galileo’s principle of relativity and Minkowski’s four-
dimensional formulation of special relativity.

Chapter 2 revisits Galileo’s arguments used in his refutation of
Aristotle’s view on motion that led him to his principle of relativity
according to which absolute uniform motion cannot be detected with
mechanical experiments.

Chapter 3 carries out an analysis to reveal the physical meaning of
this principle. The results of this analysis are quite unexpected — abso-
lute uniform motion cannot be detected since it does not exist. What
lies behind the non-existence of absolute uniform motion is even more
unexpected — there exists not just one three-dimensional space, but
many such spaces. This in turn is possible only in a world of at least
four-dimensions. The analysis in this chapter implies that Minkowski’s
four-dimensional formulation of special relativity is logically contained
in Galileo’s principle of relativity and could have been discovered ear-
lier.

Chapter 4 develops a simple idea — if the world is four-dimensional
with time entirely given as the fourth dimension, it should be a mono-
lithic entity given at once and should resemble the ordinary three-
dimensional FEuclidean space since it is also given at once. In such a
case the relations between worldlines (containing the whole histories
of physical objects) in this four-dimensional world should be similar to
the corresponding relations between lines in the Euclidean space. That
is why a translation of Euclidean relations between lines into the cor-
responding relations between worldlines in the four-dimensional world
should be regarded as a manifestation of the four-dimensionality of the
world that can be tested experimentally. When those translations are
obtained in Chap. 4, it turns out that they coincide with the kinematic
consequences of special relativity. This shows, as Minkowski argued,
that it is a theory of a four-dimensional world.



2 On the Impossibility of Detecting
Uniform Motion

One of the major events that marked the beginning of modern science
in the seventeenth century was the acceptance of the heliocentric sys-
tem of the world. In 1543 Copernicus [2] published his book on the
heliocentric model of the solar system, but the acceptance of the new
revolutionary view became possible only after the works of Kepler [3]
and especially Galileo [4].

In this chapter we will see that Galileo played a crucial role in the
Copernican revolution. He was the first scientist to apply systemati-
cally what we now call the hypothetico-deductive method (formulating
hypotheses, deducing conclusions, and testing them experimentally)
which is recognized as the key ingredient of a genuine scientific activ-
ity that leads to the formulation of a new theory. This approach helped
him realize why Aristotle’s view on motion had been the main reason
for the dominance of the geocentric world system due to Aristotle and
Ptolemy over the two preceding millennia. And indeed Aristotle’s view
on motion looked self-evident even in the seventeenth century since
it appeared to be in perfect agreement with the common-sense view
based on people’s everyday experience. This view was almost certainly
the ultimate reason for the rejection of the first heliocentric model put
forward by Aristarchus of Samos (310-230 B.C.) immediately after
Aristotle’s geocentric system of the world.

With this in mind we can better appreciate Galileo’s role in the ac-
ceptance of the heliocentric system. His disproof of Aristotle’s view on
motion was so important that one may wonder how many more years
would have been needed for the ideas of Copernicus to be recognized if
Galileo had not written his Dialogue Concerning the Two Chief World
Systems — Ptolemaic and Copernican.
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2.1 Aristotle’s View on Motion

Aristotle did not hold any counter-intuitive views on motion as the
Eleatics did.! His view reflected people’s everyday experience and was
summarized in the first sentence in Book VII of his Physics: “Ev-
erything that is in motion must be moved by something.” Aristotle
believed that there were two types of motion — natural motion of a
body which tends to reach its natural place (the center of the Earth)
and violent motion which is the motion that needs a mover. Aristo-
tle himself realized that his view led to a problem since it could not
explain the motion of projectiles [7, Book VIII, Chap. 10]:

If everything that is in motion with the exception of things
that move themselves is moved by something else, how is it
that some things, e.g., things thrown, continue to be in motion
when their movent is no longer in contact with them?

This is really an obvious argument against the way Aristotle explained
motion: if we throw a stone it should stop at the moment it leaves
our hand but this is not what is observed — the stone continues its
motion on its own until it hits the ground. Aristotle seemed to believe
that the observed continuing motion of projectiles can be explained by
assuming that the medium in which projectiles travel is moving them.
In the case of the stone it is our hand, while throwing the stone, that
moves the medium (the air) which in turn acts as a mover of the stone.

Before discussing Galileo’s crushing arguments against Aristotle’s
view on motion, let us examine in more detail how it contradicts the
heliocentric system. Here is an excerpt from Ptolemy’s The Almagest
in which he employs Aristotle’s view on motion in order to demonstrate
that the Earth does not move [8]:

Now some people, although they have nothing to oppose to
these arguments, agree on something, as they think, more plau-
sible. And it seems to them there is nothing against their sup-
posing, for instance, the heavens immobile and the earth as
turning on the same axis from west to east very nearly one rev-
olution a day; or that they both should move to some extent,
but only on the same axis as we said, and conformably to the
overtaking of the one by the other.

! The Eleatic school of philosophy held that the observed motion and change are
just illusions; the true reality, according to them, is an eternal existence [5,6].
The Eleatic view is amazingly similar to the view suggested by special relativity,
as we will see in Chap. 5.
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But it has escaped their notice that, indeed, as far as the
appearances of the stars are concerned, nothing would perhaps
keep things from being in accordance with this simpler conjec-
ture, but that in the light of what happens around us in the air
such a notion would seem altogether absurd. For in order for us
to grant them what is unnatural in itself, that the lightest and
subtlest bodies either do not move at all or no differently from
those of contrary nature, while those less light and less subtle
bodies in the air are clearly more rapid than all the more ter-
restrial ones; and to grant that the heaviest and most compact
bodies have their proper swift and regular motion, while again
these terrestrial bodies are certainly at times not easily moved
by anything else — for us to grant these things, they would have
to admit that the earth’s turning is the swiftest of absolutely
all the movements about it because of its making so great a
revolution in a short time, so that all those things that were
not at rest on the earth would seem to have a movement con-
trary to it, and never would a cloud be seen to move toward the
east nor anything else that flew or was thrown into the air. For
the earth would always outstrip them in its eastward motion,
so that all other bodies would seem to be left behind and to
move towards the west.

For if they should say that the air is also carried around
with the earth in the same direction and at the same speed,
nonetheless the bodies contained in it would always seem to
be outstripped by the movement of both. Or if they should be
carried around as if one with the air, neither the one nor the
other would appear as outstripping, or being outstripped by,
the other. But these bodies would always remain in the same
relative position and there would be no movement or change
either in the case of flying bodies or projectiles. And yet we
shall clearly see all such things taking place as if their slowness
or swiftness did not follow at all from the earth’s movement.

The above arguments can be summarized in a single argument dis-
cussed by Galileo in his Dialogue Concerning the Two Chief World
Systems — Ptolemaic and Copernican published in 1632 [4, p. 139].
Consider dropping a stone from the top of a tower. If the Earth is not
moving as the Ptolemaic view holds, the stone will fall at the base
of the tower. Assume now that the Earth is moving (consider just its
rotation). During the time a stone dropped from the tower falls the
Earth will move and the stone will not fall at the base of the tower.
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Since no one had ever observed such an effect the supporters of the
Ptolemaic system maintained that the heliocentric system was wrong.

The arguments against the heliocentric system, which appeared
to be so convincing for centuries, are based on Aristotle’s view that
everything that moves needs a mover. And indeed if we assume that the
Earth is moving and we are on the top of the tower holding a stone,
it does follow from Aristotle’s view that the stone will stop moving
with the tower at the moment our hand releases it — the mover (our
hand) is not acting on the stone any more and it will stop moving in
a horizontal direction. For this reason it will land at a given distance
from the tower. At first sight such arguments appear irrefutable, and
this is perhaps the most probable explanation for why the Ptolemaic
system prevailed over the heliocentric system of Aristarchus of Samos.

2.2 Copernicus and Ptolemy’s Arguments
Against the Earth’s Motion

In the sixteenth century Nicholas Copernicus (1473-1543) again ar-
gued that the Earth was not stationary at the center of the cosmos
but rather rotated on its axis and also orbited the Sun. In his funda-
mental work On the Revolutions of the Heavenly Spheres, he advanced
the argument that it was more natural to assume that the Earth is
orbiting the Sun. However, as seen from the following quote he did not
disprove Ptolemy’s arguments against the Earth’s motion [2, p. 519]:

But let us leave to the philosophers of nature the dispute as to
whether the world is finite or infinite, and let us hold as certain
that the Earth is held together between its two poles and termi-
nates in a spherical surface. Why therefore should we hesitate
any longer to grant to it the movement which accords naturally
with its form, rather than put the whole world in a commotion
— the world whose limits we do not and cannot know? And why
not admit that the appearance of daily revolution belongs to
the heavens but the reality belongs to the Earth? And things
are as when Aeneas said in Virgil: “We sail out of the harbor,
and the land and the cities move away.” As a matter of fact,
when a ship floats on over a tranquil sea, all the things outside
seem to the voyagers to be moving in a movement which is the
image of their own, and they think on the contrary that they
themselves and all the things with them are at rest. So it can
easily happen in the case of the movement of the Earth that
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the whole world should be believed to be moving in a circle.
Then what would we say about the clouds and the other things
floating in the air or falling or rising up, except that not only
the Earth and the watery element with which it is conjoined
are moved in this way but also no small part of the air and
whatever other things have a similar kinship with the Earth?
Whether because the neighbouring air, which is mixed with
earthly and watery matter, obeys the same nature as the Earth
or because the movement of the air is an acquired one, in which
it participates without resistance on account of the contiguity
and perpetual rotation of the Earth.

Copernicus essentially postulated that all objects should participate in
the Earth’s motion. As the history of science has shown, this was not
the best way to respond to an argument. Given the fact that Aristo-
tle’s view on motion was still the accepted doctrine in the sixteenth
century, the arguments against the Earth’s motion, which were based
on Aristotle’s view, were at that time valid arguments that had to
be addressed properly. That is why the resurrection of the heliocen-
tric system by Copernicus’ ideas only became possible after Galileo
disproved both Aristotle’s view on motion and Ptolemy’s arguments
against the Earth’s motion.

It is tempting to assume from this text that Copernicus implicitly
advanced the idea of relative motion. A careful reading of his argu-
ment, however, shows that he simply wanted to point out that, just
as it appears to the sailors that the harbor and the cities move away
(whereas in fact it is the ship that is moving), it only looks to us
that the heavens are rotating, whereas in reality it is the Earth that
(absolutely) moves.

2.3 Galileo’s Disproof of Aristotle’s View on Motion

Galileo clearly realized that the arguments against the motion of the
Earth and therefore against the heliocentric system were based on the
Aristotelian doctrine of motion. For this reason he critically examined
it and found it to contradict well-known facts about motion at that
time. He did that in two independent ways. First, he showed that Aris-
totle’s explanation of the motion of projectiles was wrong — in reality,
once thrown, projectiles move on their own, not by the medium in
which they travel. Second, he presented analyses of different experi-
ments which independently arrived at the conclusion that in order to
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maintain their uniform motion, bodies do not need a constant mover.
On the basis of the new view on motion, Galileo demonstrated that
the arguments against the Earth’s motion no longer hold, and this
paved the way for the acceptance of the heliocentric model of the solar
system.

Let us now see how Galileo achieved such an enormous result. In his
Dialogue Concerning the Two Chief World Systems — Ptolemaic and
Copernican, Simplicio defends the Ptolemaic system, whereas Salviati
and Sagredo provide arguments against it.

First, Galileo gives an example of how a scientific debate should be
conducted by stating the main arguments of his opponents. He does
this through Salviati [4, p. 126]:

As the strongest reason of all is adduced that of heavy bodies,
which, falling down from on high, go by a straight and vertical
line to the surface of the earth. This is considered an irrefutable
argument for the earth being motionless. For if it made the di-
urnal rotation, a tower from whose top a rock was let fall, being
carried by the whirling of the earth, would travel many hun-
dreds of yards to the east in the time the rock would consume
in its fall, and the rock ought to strike the earth that distance
away from the base of the tower. This effect they support with
another experiment, which is to drop a lead ball from the top of
the mast of a boat at rest, noting the place where it hits, which
is close to the foot of the mast; but if the same ball is dropped
from the same place when the boat is moving, it will strike at
that distance from the foot of the mast which the boat will have
run during the time of fall of the lead, and for no other reason
than that the natural movement of the ball when set free is in
a straight line toward the center of the earth.

Now the stage is set for Galileo to show that these arguments against
the Earth’s motion are not irrefutable. As we will see the power of
Galileo’s arguments, presented by Salviati and Sagredo, is determined
by the fact that they combine references to experiments and logical
analysis. As one cannot perform the tower experiment on a moving
Earth and on a motionless Earth to test whether it will produce differ-
ent results, Salviati concentrates on the ship version of the experiment
and asks Simplicio [4, p. 144]:

You say, then, that since when the ship stands still the rock
falls to the foot of the mast, and when the ship is in motion
it falls apart from there, then, conversely, from the falling of
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the rock at the foot it is inferred that the ship stands still, and
from its falling away it may be deduced that the ship is moving.
And since what happens on the ship must likewise happen on
the land, from the falling of the rock at the foot of the tower
one necessarily infers the immobility of the terrestrial globe. Is
that your argument?

After Simplicio agrees, Salviati continues [4, p. 144]:

Now tell me: If the stone dropped from the top of the mast when
the ship was sailing rapidly fell in exactly the same place on
the ship to which it fell when the ship was standing still, what
use could you make of this falling with regard to determining
whether the vessel stood still or moved?

19

Simplicio’s reply is: “Absolutely none”. Salviati’s next question is on
whether Simplicio ever carried out “this experiment of the ship”. He
did not do it himself but insisted he believed the authorities “who
adduce it had carefully observed it.” At this point Salviati provides
perhaps the clearest hint that Galileo performed the experiment with

a stone falling from the mast of a moving ship [4, pp. 144-145]:

For anyone who does will find that the experiment shows ex-
actly the opposite of what is written; that is, it will show that
the stone always falls in the same place on the ship, whether
the ship is standing still or moving with any speed you please.
Therefore the same cause holding good on the earth as on the
ship, nothing can be inferred about earth’s motion or rest from
the stone falling always perpendicularly to the foot of the tower.

As Simplicio remains skeptical about what the result of a real experi-
ment will be, Salviati virtually threatens him to make him realize the

true conclusion without the need of any experiment [4, p. 145]:

Without experiment, I am sure that the effect will happen as
I tell you, because it must happen that way; and I might add
that you yourself also know that it cannot happen otherwise,
no matter how you may pretend not to know it — or give that
impression. But I am so handy at picking people’s brains that

I shall make you confess this in spite of yourself.

What Salviati had in mind is the famous experiment involving inclined

planes (see Fig. 2.1a) [4, p. 145]:
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Fig. 2.1. Galileo’s experiment with inclined planes

Suppose you have a plane surface as smooth as a mirror and
made of some hard material like steel. This is not parallel to the
horizon, but somewhat inclined, and upon it you have placed
a ball which is perfectly spherical and of some hard and heavy
material like bronze. What do you believe this will do when
released?

Simplicio gives the obvious answer: “the ball will continue to move
indefinitely, as far as the slope of the surface is extended, and with a
continually accelerated motion.” Then Salviati asks what will happen
to the ball if it is made to move upward on an inclined plane by a
forcibly impressed impetus upon it (Fig. 2.1b). Simplicio does not have
any difficulty responding to this question either [4, p. 146]:

The motion would constantly slow down and be retarded, being
contrary to nature, and would be of longer or shorter duration
according to the greater or lesser impulse and the lesser or
greater slope upward.

After discussing the two types of slope, Salviati takes the next logical
step [4, p. 147]:

Now tell me what would happen to the same movable body
placed upon a surface with no slope upward or downward.

Simplicio seems to be a little perplexed [4, p. 147]:

Here I must think a moment about my reply. There being no
downward slope, there can be no natural tendency towards mo-
tion; and there being no upwards slope, there can be no resis-
tance to being moved, so there would be an indifference between
the propensity and the resistance to motion. Therefore it seems
to me that it ought naturally to remain stable.

Now Salviati asks the crucial question [4, p. 147]:



