
In the sciences generally, time is simply what a
clock reads, but this hides a whole host of di�erent

conceptions of time used in physics

 Physics of TimePhysics of Time

Physics is the only
science that explicitly
studies time, but even
physicists agree that
time is one of the
most di�cult
properties of our
universe to
understand. Even in
the most modern and
complex physical
models, though, time
is usually considered
to be an ontologically
“basic” or primary
concept, and not made up of, or dependent on, anything else.

In the sciences generally, time is usually de�ned by its measurement: it
is simply what a clock reads. Physics in particular often requires
extreme levels of precision in time measurement, which has led to the
requirement that time be considered an in�nitely divisible linear
continuum, and not quantized (i.e. composed of discrete and
indivisible units). With modern atomic time standards like TAI and UTC
(see the section on Time Standards) and ultra-precise atomic clocks
(see the section on Clocks), time can now be measured accurate to
about 10  seconds, which corresponds to about 1 second error in
approximately 30 million years.

But several di�erent conceptions and applications of time have been
explored over the centuries in di�erent areas of physics, and we will
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look at some of these in this section.

In non-relativistic or classical physics, the concept of time generally
used is that of absolute time (also called Newtonian time after its
most famous proponent), time which is independent of any perceiver,
progresses at a consistent pace for everyone everywhere throughout
the universe, and is essentially imperceptible and mathematical in
nature. This accords with most people’s everyday experience of how
time �ows.

However, since the advent of relativity in the early 20  Century,
relativistic time has become the norm within physics. This takes into
account phenomena such as time dilation for fast-moving objects,
gravitational time dilation for objects caught in extreme gravitational
�elds, and the important idea that time is really just one element of
four-dimensional space-time.

Relativity also allows for, at least in theory, the prospect of time travel,
and there are several scenarios which allow for the theoretical basis of
travel in time. There are even theoretical faster-than-light time-
travelling particles like tachyons and neutrinos. However, the concept
of time travel also brings with it a number of paradoxes, and its
likelihood and physical practicality is questioned by many physicists.

Quantum mechanics revolutionized physics in the �rst half of the 20
Century and it still represents the most complete and accurate model
of the universe we have. Time is perhaps not as central a concept in
quantum theory as it is in classical physics, and there is really no such
thing as “quantum time” as such. For example, time does not appear to
be divided up into discrete quanta as are most other aspects of reality.
However, the di�erent interpretations of quantum theory (e.g. the
Copenhagen interpretation, the many worlds interpretation, etc)
do have some potentially important implications for our understanding
of time.

Most physicists agree that time had a beginning, and that it is
measured from, and indeed came into being with, The Big Bang some
13.8 billion years ago. Whether, how and when time might end in the
future is a more open question, depending on di�erent notions of the
ultimate fate of the universe and other mind-bending concepts like
the multiverse.

The so-called arrow of time refers to the one-way direction or
asymmetry of time, which leads to the way we instinctively perceive
time as moving forwards from the �xed and immutable past, though
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the present, towards the unknown and un�xed future. This idea has it
roots in physics, particularly in the Second Law of Thermodynamics,
although other, often related, arrows of time have also been identi�ed.

>> Absolute Time
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Max Planck is sometimes considered the father of
quantum theory

 Quantum TimeQuantum Time

In the �rst half of the
20  Century, a whole
new theory of physics
was developed, which
has superseded
everything we know
about classical
physics, and even the
Theory of Relativity,
which is still a
classical model at
heart. Quantum
theory or quantum
mechanics is now
recognized as the
most correct and
accurate model of the
universe, particularly
at sub-atomic scales,
although for large
objects classical
Newtonian and
relativistic physics
work adequately.

If the concepts and predictions of relativity (see the section on
Relativistic Time) are often considered di�cult and counter-intuitive,
many of the basic tenets and implications of quantum mechanics may
appear absolutely bizarre and inconceivable, but they have been
repeatedly proven to be true, and it is now one of the most rigorously
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tested physical models of all time.

Quanta
One of the implications of quantum mechanics is that certain aspects
and properties of the universe are quantized, i.e. they are composed
of discrete, indivisible packets or quanta. For instance, the electrons
orbiting an atom are found in speci�c �xed orbits and do not slide
nearer or further from the nucleus as their energy levels change, but
jump from one discrete quantum state to another. Even light, which we
know to be a type of electromagnetic radiation which moves in waves,
is also composed of quanta or particles of light called photons, so that
light has aspects of both waves AND particles, and sometimes it
behaves like a wave and sometimes it behaved like a particle (wave-
particle duality).

An obvious question, then, would be: is time divided up into discrete
quanta? According to quantum mechanics, the answer appears to be
“no”, and time appears to be in fact smooth and continuous (contrary
to common belief, not everything in quantum theory is quantized).
Tests have been carried out using sophisticated timing equipment and
pulsating laser beams to observe chemical changes taking place at very
small fractions of a second (down to a femtosecond, or 10  seconds)
and at that level time certainly appears to be smooth and continuous.
However, if time actually is quantized, it is likely to be at the level of
Planck time (about 10  seconds), the smallest possible length of time
according to theoretical physics, and probably forever beyond our
practical measurement abilities.

It should be noted that our current knowledge of physics remains
incomplete, and, according to some theories that look to combine
quantum mechanics and gravity into a single “theory of everything”
(often referred to as quantum gravity – see below), there is a
possibility that time could in fact be quantized. A hypothetical chronon
unit for a proposed discrete quantum of time has been proposed,
although it is not clear just how long a chronon should be.

Copenhagen Interpretation
One of the main tenets of quantum theory is that the position of a
particle is described by a wave function, which provides the
probabilities of �nding the particle at any number of di�erent places, or
superpositions. It is only when the particle is observed, and the wave
function collapses, that the particle is de�nitively located in one
particular place or another. So, in quantum theory, unlike in classical
physics, there is a di�erence between what we see and what actually
exists. In fact, the very act of observation a�ects the observed particle.
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Another aspect of quantum theory is the uncertainty principle, which
says that the values of certain pairs of variables (such as a particle’s
location and its speed or momentum) cannot BOTH be known exactly,
so that the more precisely one variable is known, the less precisely the
other can be known. This is re�ected in the probabilistic approach of
quantum mechanics, something very foreign to the deterministic and
certain nature of classical physics.

This view of quantum mechanics (developed by two of the originators
of quantum theory, Niels Bohr and Werner Heisenberg), is sometimes
referred to the Copenhagen interpretation of quantum mechanics.
Because the collapse of the wave function cannot be undone, and
because all the information associated with the initial possible
positions of the particle contained in the wave function is essentially
lost as soon as it is observed and collapsed, the process is considered
to be time-irreversible, which has implications for the so-called “arrow
of time”, the one way direction of time that we observe in daily life (see
the section on The Arrow of Time).

Some quantum physicists (e.g. Don Page and William Wootters) have
developed a theory that time is actually an emergent phenomenon
resulting from a strange quantum concept known as entanglement, in
which di�erent quantum particles e�ectively share an existence, even
though physically separated, so that the quantum state of each particle
can only be described relative to the other entangled particles. The
theory even claims to have experimental proof recently, from
experiments by Ekaterina Moreva which show that observers do not
detect any change in quantum particles (i.e. time foes not “emerge”)
until becoming entangled with another particle.

Many Worlds Interpretation
The Copenhagen interpretation of quantum mechanics, mentioned
above, is not however the only way of looking at it. Frustrated by the
apparent failure of the Copenhagen interpretation to deal with
questions like what counts as an observation, and what is the dividing
line between the microscopic quantum world and the macroscopic
classical world, other alternative viewpoints have been suggested. One
of the leading alternatives is the many worlds interpretation, �rst put
forward by Hugh Everett III back in the late 1950s.

According to the many worlds view, there is no di�erence between a
particle or system before and after it has been observed, and no
separate way of evolving. In fact, the observer himself is a quantum
system, which interacts with other quantum systems, with di�erent
possible versions seeing the particle or object in di�erent positions, for



example. These di�erent versions exist concurrently in di�erent
alternative or parallel universes. Thus, each time quantum systems
interact with each other, the wave function does not collapse but
actually splits into alternative versions of reality, all of which are equally
real.

This view has the advantage of conserving all the information from
wave functions so that each individual universe is completely
deterministic, and the wave function can be evolved forwards and
backwards. Under this interpretation, quantum mechanics is therefore
NOT the underlying reason for the arrow of time.

Quantum Gravity
Quantum gravity, or the quantum theory of gravity, refers to
various attempts to combine our two best models of the physics of the
universe, quantum mechanics and general relativity, into a workable
whole. It looks to describe the force of gravity according to the
principles of quantum mechanics, and represents an essential step
towards the holy grail of physics, a so-called “theory of everything”.
Quantum theory and relativity, while coexisting happily in most
respects, appear to be fundamentally incompatible at unapproachable
events like the singularities in black holes and the Big Bang itself, and it
is believed by many that some synthesis of the two theories is essential
in acquiring a real handle on the fundamental nature of time itself.

Many di�erent approaches to the riddle of quantum gravity have been
proposed over the years, ranging from string theory and superstring
theory to M-theory and brane theory, supergravity, loop quantum
gravity, etc. This is the cutting edge of modern physics, and if a
breakthrough were to occur it would likely be as revolutionary and
paradigm-breaking as relativity was in 1905, and could completely
change our understanding of time.

Any theory of quantum gravity has to deal with the inherent
incompatibilities of quantum theory and relativity, not the least of
which is the so-called “problem of time” – that time is taken to have a
di�erent meaning in quantum mechanics and general relativity. This is
perhaps best exempli�ed by the Wheeler-DeWitt equation, devised
by John  Wheeler and Bruce DeWitt back in the 1970s. Their attempt
to unify relativity and quantum mechanics resulted in time essentially
disappearing completely from their equations, suggesting that time
does not exist at all and that, at its most fundamental level, the
universe is timeless. In response to the Wheeler-DeWitt equation, some
have concluded that time is a kind of �ctitious variable in physics, and
that we are perhaps confusing the measurement of di�erent physical



variables with the actual existence of something we call time.

Imaginary Time
While looking to connect quantum �eld theory with statistical
mechanics, theoretical physicist Stephen Hawking introduced a
concept he called imaginary time. Although rather di�cult to visualize,
imaginary time is not imaginary in the sense of being unreal or made-
up. Rather, it bears a similar relationship to normal physical time as the
imaginary number scale does to the real numbers in the complex
plane, and can perhaps best be portrayed as an axis running
perpendicular to that of regular time. It provides a way of looking at the
time dimension as if it were a dimension of space, so that it is possible
to move forwards and backwards along it, just as one can move right
and left or up and down in space.

Despite its rather abstract and counter-intuitive nature, the usefulness
of imaginary time arises in its ability to help mathematically to smooth
out gravitational singularities in models of the universe. Normally,
singularities (like those at the centre of black holes, or the Big Bang
itself) pose a problem for physicists, because they are areas where the
known physical laws just do not apply. When visualized in imaginary
time, however, the singularity is removed and the Big Bang functions
like any other point in space-time.

Exactly what such a concept might represent in the real world,
though, is unknown, and currently it remains little more than a
potentially useful theoretical construct.

>> Time and the Big Bang
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The conception of time as absolute is usually
attributed to Sir Isaac Newton and his English

contemporaries

 Absolute TimeAbsolute Time

The scienti�c study of
time really began in
the 16  Century with
the work of the Italian
physicist and
astronomer Galileo
Galilei, and continued
in 17  Century
England with the work
of Isaac Barrow and
Sir Isaac Newton. In
non-relativistic or
classical physics (the
physics of Galileo,
Newton, Maxwell,
etc), time has always
been considered one
of the fundamental
scalar quantities,
along with length,
mass, charge, etc (a
scalar quantity is one
that can be described
by a single real
number, usually with
measurement units assigned). It was also considered to be absolute
and universal, i.e. the same for everyone everywhere in the universe.

Newtonian Time
According to its most famous proponent, Sir Isaac Newton, for
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example, absolute time (which is also sometimes known as
“Newtonian time”) exists independently of any perceiver, progresses
at a consistent pace throughout the universe, is measurable but
imperceptible, and can only be truly understood mathematically. For
Newton, absolute time and space were independent and separate
aspects of objective reality, and not dependent on physical events or on
each other.

Time, in this conception, was external to the universe, and so must be
measured independently of the universe. It would continue even if the
universe were completely empty of all matter and objects, and
essentially represented a kind of container or stage setting within
which physical phenomena occur in a completely deterministic way. In
Newton’s own words: “absolute, true and mathematical time, of itself,
and from its own nature, �ows equably without relation to anything
external”.

Newton’s ideas about absolute time were largely borrowed from Isaac
Barrow, his predecessor at Cambridge. Barrow himself described time
as a mathematical concept, analogous to a line in that it has length, is
similar in all its parts, and can be looked on either as a simple addition
of continuous instants, or alternatively as the continuous �ow on one
instant.

Although absolute time is the “real” time in Newton’s opinion, he
cautioned that we mere mortals are not however capable of perceiving
it directly. Instead, we are only capable of perceiving what he called
“relative, apparent and common time”, which can be observed in the
measurement of perceivable objects in motion (like the Moon or Sun)
and the ticking of terrestrial clocks, and from which we infer the
everyday passage of time. He attributed any discrepancies between
absolute and apparent time to such things as irregularities in the
motion of the Earth.

The Legacy of Absolute Time
It should be remembered that Newton, perhaps even more than
Galileo before him, was a product of his times, and he approached
physics from the point of view that God had created the laws of nature,
and the job of the scientist was merely to uncover their workings.
Newton’s conception of time was essentially unchanged from that of
Galileo (and, for that matter, everyone else all the way back to Aristotle
some 2,000 years earlier). By systematizing and formalizing it, though,
Newton was able to formulate his hugely important laws of motion,
and to set the stage for other developments to come.
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Newton’s view of absolute time dominated during the explosion of
science in the 18  and 19  Century, despite the objections of relativists
like Gottfried Leibniz (who believed that time is essentially derived
from events – see the section on Early Modern Philosophy for the
details behind this argument). Indeed, it persisted until the revelations
of Albert Einstein and his 1905 Theory of Relativity turned our
conception of time on its head (see the section on Relativistic Time).
Einstein once wrote  “Newton, forgive me”  in his memoirs.

It should be pointed out, though, that the Newtonian version is still a
very good approximation of what time is and how it behaves in the
world we actually we live in and experience. As we will see, relativistic
time only di�ers from absolute time to any noticeable degree when
travelling at speeds approaching the speed of light or in conditions of
extremely high gravity. At everyday speeds, everyday common-sense
non-relativistic physics applies.

>> Relativistic Time
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The idea of relativistic time is a direct result of
Albert Einstein’s Theory of Relativity

 Relativistic TimeRelativistic Time

Since Albert Einstein
published his Theory
of Relativity (the
Special Theory in
1905, and the
General Theory in
1916), our
understanding of time
has changed
dramatically, and the
traditional Newtonian
idea of absolute time
and space has been
superseded by the
notion of time as one
dimension of space-
time in special
relativity, and of
dynamically curved
space-time in general
relativity.

It was Einstein’s
genius to realize that
the speed of light is absolute, invariable and cannot be exceeded (and
indeed that the speed of light is actually more fundamental than either
time or space). In relativity, time is certainly an integral part of the very
fabric of the universe and cannot exist apart from the universe, but, if
the speed of light is invariable and absolute, Einstein realized, both
space and time must be �exible and relative to accommodate this.
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Although much of Einstein’s work is often considered “di�cult” or
“counter-intuitive”, his theories have proved (both in laboratory
experiments and in astronomical observations) to be a remarkably
accurate model of reality, indeed much more accurate than Newtonian
physics, and applicable in a much wider range of circumstances and
conditions.

Space-Time
One aspect of Einstein’s Special Theory of Relativity is that we now
understand that space and time are merged inextricably into four-
dimensional space-time, rather than the three dimensions of space
and a totally separate time dimension envisaged by Descartes in the
17  Century and taken for granted by all classical physicists after him.
With this insight, time e�ectively becomes just part of a coordinate
specifying an object’s position in space-time.

It was Hermann Minkowski, Einstein’s one-time teacher and
colleague, who gave us the classic interpretation of Einstein’s Special
Theory of Relativity. Minkowski introduced the relativity concept of
proper time, the actual elapsed time between two events as measured
by a clock that passes through both events. Proper time therefore
depends not only on the events themselves but also on the motion of
the clock between the events. By contrast, what Minkowski
called coordinate time is the apparent time between two events as
measured by a distant observer using that observer’s own method of
assigning a time to an event.

An event is both a place and a time, and can be represented by a
particular point in space-time, i.e. a point in space at a particular
moment in time. Space-time as a whole can therefore be thought of as
a collection of an in�nite number of events. The complete history of a
particular point in space is represented by a line in space-time (known
as a world line), and the past, present and future accessible to a
particular object at a particular time can be represented by a three
dimensional light cone (or Minkowski space-time diagram), which is
de�ned by the limiting value of the speed of light, which intersects at
the here-and-now, and through which the object’s world line runs its
course.

Modern physicists therefore do not regard time as “passing” or
“�owing” in the old-fashioned sense, nor is time just a sequence of
events which happen: both the past and the future are simply “there”,
laid out as part of four-dimensional space-time, some of which we have
already visited and some not yet. So, just as we are accustomed to
thinking of all parts of space as existing even if we are not there to
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experience them, all of time (past, present and future) are also
constantly in existence even if we are not able to witness them. Time
does not “�ow”, then, it just “is”. This view of time is consistent with the
philosophical view of eternalism or the block universe theory of time
(see the section on Modern Philosophy).

According to relativity, the perception of a “now”, and particularly of a
“now” that moves along in time so that time appears to “�ow”,
therefore arises purely as a result of human consciousness and the
way our brains are wired, perhaps as an evolutionary tool to help us
deal with the world around us, even if it does not actually re�ect the
reality. As Einstein himself remarked, “People like us, who believe in
physics, know that the distinction between past, present, and future is
only a stubbornly persistent illusion”.

However, if time is a dimension, it does not appear to be the same kind
of dimension as the three dimensions of space. For example, we can
choose to move through space or not, but our movement through time
is inevitable, and happens whether we like it or not. In fact, we do not
really move though time at all, at least not in the same way as we move
through space. Also, space does not have any fundamental
directionality (i.e. there is no “arrow of space”, other than the
downward pull of gravity, which is actually variable in absolute terms,
depending on where on Earth we are located, or whether we are out in
space with no gravitational e�ects at all), whereas time clearly does
(see the section on The Arrow of Time).

With the General Theory of Relativity, the concept of space-time was
further re�ned, when Einstein realized that perhaps gravity is not a
�eld or force on top of space-time, but a feature of space-time itself.
Thus, the space-time continuum is actually warped and curved by mass
and energy, a warping that we think of as gravity, resulting in a
dynamically curved space-time. In regions of very large masses, such
as stars and black holes, space-time is bent or warped substantially by
the extreme gravity of the masses, an idea often illustrated by the
image of a rubber sheet distorted by the weight of a bowling ball.

Time Dilation
Also as a result of
Einstein’s work and
his Special Theory of
Relativity, we now
know that rates of
time actually run
di�erently depending



Time dilation is just one consequence of the
Theory of Relativity and curved space-time

on relative motion,
so that time
e�ectively passes at
di�erent rates for
di�erent observers
travelling at di�erent
speeds, an e�ect
known as time dilation. Thus, two synchronized clocks will not
necessarily stay synchronized if they move relative to each other. There
is a related e�ect in the spatial dimensions, known as length
contraction, whereby moving bodies are actually foreshortened in the
direction of their travel.

Time dilation (as well as the associated length contraction) is negligible
and all but imperceptible at everyday speeds in the world around us,
although it can be, and has been, measured with very sensitive
instruments. However, it becomes much more pronounced as an
object’s speed approaches the speed of light (known as relativistic
speeds). If a spaceship could travel at, say, 99% of the speed of light, a
hypothetical observer looking in would see the ship’s clock moving
about twice as slow as normal (i.e. coordinate time is moving twice as
slow as proper time), and the astronauts inside moving around
apparently in slow-motion. At 99.5% of the speed of light, the observer
would see the clock moving about 10 times slower than normal. At
99.9% of the speed of light, the factor becomes about 22 times, at
99.99% 224 times, and at 99.9999% 707 times, increasing exponentially.
In the largest particle accelerators currently in use we can make time
slow down by 100,000 times. At the speed of light itself, were it actually
possible to achieve that, time would stop completely.

Perhaps the easiest way to think of this di�cult concept is that, when
an object or person moves in space-time, its movement “shares” some
of its spatial movement with movement in time, in the same way as
some northward movement is shared with westward movement when
we travel northwest. What forces this sharing of dimensions is the
invariant nature of the speed of light (slightly less than 300,000km/s),
which is a fundamental constant of the universe that can never be
exceeded. Thus, the slowing of time at relativistic speeds occurs, in a
sense, to “protect” the inviolable cosmic speed limit (the speed of light).

It should be noted that, although a spaceship travelling at close to the
speed of light would take 100,000 years to reach a distant star 100,000
light years away as judged by clocks on Earth, the astronaut in the
spaceship might hardly age at all as he travels across the galaxy. This
characteristic of relativistic time has therefore spawned much



discussion of the possibility of time travel (see the separate section on
Time Travel).

According to Einstein, then, time is relative to the observer, and more
speci�cally to the motion of that observer. This is not to say that time is
in some way capricious or random in nature – it is still governed by the
laws of physics and entirely predictable in its manifestations, it is just
not absolute and universal as Newton thought (see the section on
Absolute Time), and things are not quite as simple and straightforward
as he had believed. Some commentators, like the Christian philosopher
William Lane Craig, have suggested that there may be a need to
distinguish between the reality of time and our measurement of time:
according to this line of thinking (which, it should be mentioned, is not
a mainstream position in physics), time itself MAY be absolute, but the
way we measure it must be relativistic.

One casualty of the Theory of Relativity is the notion of simultaneity,
the property of two events happening at the same time in a particular
frame of reference. According to relativistic physics, simultaneity is NOT
an absolute property between events, as had always been taken for
granted up to that point. Thus, what is simultaneous in one frame of
reference will not necessarily be simultaneous in another. For objects
moving at normal everyday speeds, the e�ect is small and can
generally be ignored (so that simultaneity CAN normally be treated as
an absolute property); but when objects approach relativistic speeds
(close to the speed of light) with respect to one another, such intuitive
relationships can no longer be assumed.

Gravitational Time Dilation
When Einstein extended his Special Theory of Relativity to his General
Theory, it became apparent that a similar time dilation e�ect would
also occur in the presence of intense gravity, an e�ect usually referred
to as gravitational time dilation. It is almost as if gravity is somehow
pulling or dragging on time, slowing its passage. The closer an object is
to another object, the stronger the pull of gravity between them
(according to an inverse-square law �rst identi�ed by Sir Isaac
Newton), and thus the more the time drag.

Again, these e�ects are negligible at the kinds of gravitational
di�erences experienced in everyday life: even though, technically, a
person living in a ground �oor apartment ages slower than their twin
who lives in a top �oor apartment of the same building (due to the
di�erence in gravity they experience), the e�ect might amount to
maybe a microsecond over a full lifetime. There is, however, one aspect
of modern everyday life where we do experience the e�ects of



gravitational time dilation: it has a noticeable impact on the Global
Positioning System (GPS), which many of us now rely on for
navigation. The orbiting satellites used by the GPS system experience
signi�cantly less gravity than the Earth’s surface, and are also moving
very fast, so that the time distortion e�ects of about 38 microseconds a
day have to be speci�cally factored in or GPS would very quickly begin
to accumulate errors.

But, just as with a spaceship travelling at near the speed of light, in the
extreme gravity at the edges of a black hole, for example, substantial
time di�erences can become apparent. A black hole spins at close to
the speed of light, dragging anything in the vicinity around with it, and
the huge gravitational pull of a black hole can bend and warp space-
time to a substantial degree. Over the “event horizon” of a black hole –
the gravitational point of no return – a hypothetical clock on a
spaceship (and indeed the progress of the spaceship itself) would
appear from the outside to stop completely due to the in�nite time
dilation e�ect. At the gravitational singularity at the centre of a black
hole, gravity and density is in�nite, and all the normal rules of physics
just break down. Time e�ectively stops, just as there is no time beyond
the singularity of the Big Bang (see the section on Time and the Big
Bang).

Twins Paradox
The dilation of time also gives rise to the so-called “twins paradox” or
“clock paradox”, whereby a hypothetical astronaut returns from a
near-light speed voyage in space to �nd his stay-at-home twin many
years older than him (as travelling at relativistic high speeds has
allowed the astronaut to experience only, say, one year of time, while
ten years have elapsed on Earth). Because of the time dilation e�ect, a
clock in the spaceship literally registers a shorter duration for the
journey than the clock in mission control on Earth.

The real paradox, though, as Einstein explained it, arises from the fact
that (because there is no “preferred” frame of reference in relativity)
we could just as easily consider the traveller in the spaceship as the
one remaining at rest, while the Earth shoots o� and back at close to
the speed of light. In that scenario, Einstein argued, one would expect
the astronaut to age much more than the inhabitants of the Earth. In
fact the “paradox” is explained by Mach’s Principle: the spaceship is
accelerating away at near-light speed from the bulk of the universe,
whereas the Earth is not. Hence, it is the spaceship (and its astronaut)
that experiences the relativistic time dilation, not the Earth.
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