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Modern physicsModern physics

� Newton’s laws apply only to objects of 
macroscopic size and relatively small 
speeds.

� Modern physics = quantum theory + 
relativity theory.

� Quantum theory: Max Planck
� Relativity theory: Albert Einstein
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1. The Postulates of Special 1. The Postulates of Special 
RelativityRelativity
� At a time when some scientists 

thought physics was almost 
completely understood, with only 
minor details to be straightened 
out, physics was changed forever 
with the introduction of the special 
theory of relativity. Published in 
1905 by Albert Einstein (1879–
1955), a 26-year-old patent clerk 
(third class) in Berne, Switzerland, 
relativity fundamentally altered our 
understanding of such basic 
physical concepts as time, length, 
mass, and energy. 

Albert Einstein 
in his twenties.

The postulates of special The postulates of special 
relativityrelativity
� Equivalence of Physical Laws: The 

laws of physics are the same in all 
inertial frames of reference.

� Constancy of the Speed of Light: The 
speed of light in a vacuum, 
c = 3×108 m/s
is the same in all inertial frames of 
reference, independent of the motion 
of the source or the receiver. 
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Inertial frames of referenceInertial frames of reference

� The two observers shown are in different 
inertial frames of reference. According to 
the first postulate of relativity, physical 
experiments will give identical laws of 
nature in the two frames.

Wave speed versus observer Wave speed versus observer 
speedspeed

� The speed of a wave depends on the 
speed of the observer relative to the 
medium through which the wave 
propagates. (a) The water waves move 
relative to the observer with speed v + vw
(b) In this case, the waves move relative 
to the observer with speed v – vw

The speed of light for different The speed of light for different 
observersobservers

� A beam of light is moving to the right with a 
speed c relative to observer 1. Observer 2 is 
moving to the right with a speed of 0.9c. Still, 
from the point of view of observer 2, the 
beam of light is moving to the right with a 
speed of c, in agreement with the second 
postulate of relativity.

The ultimate speedThe ultimate speed

� There is no absolute rest or absolute 
motion, only motion relative to 
something else.

� The ultimate speed in the universe is 
the speed of light in a vacuum.

2. The Relativity of Time and 2. The Relativity of Time and 
Time DilationTime Dilation
� We generally think of time as moving 

forward at a constant rate, as 
suggested by our everyday 
experience.

A stationary light clockA stationary light clock

� Light emitted by the source S travels to a 
mirror a distance d away and is reflected 
back into the detector D. The time 
between emission and detection is one 
cycle, or one “tick,” of the clock.

� the time between ticks is
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A moving light clockA moving light clock

� A moving light clock requires a time ∆t to 
complete one cycle. Note that the light follows a 
zigzag path that is longer than 2d; hence, the 
time between ticks is greater for the moving clock 
than it is for the clock at rest.

� Pythagorean theorem

Time dilationTime dilation

� A spaceship carrying a light clock moves 
with a speed of 0.500c relative to an 
observer on Earth. According to this 
observer, how long does it take for the 
spaceship’s clock to advance 1.00 s?

AnswerAnswer

� ∆t0 is the proper time.
� ∆t is the corresponding time when the 

clock moves relative to the observer with 
a speed v.

� The proper time is the amount of time 
separating two events that occur at the 
same location.

Everyday Everyday circumstancescircumstances

� The greatest speed a human might 
reasonably attain today is the speed of 
the space shuttle in orbit. This speed 
is only about 7700 m/s (1/39,000th the 
speed of light).

� A clock on board the space shuttle 
runs slow by a factor of 
1.00000000033. (100 years to lose 1 
s)

Space Travel and Biological Space Travel and Biological 
AgingAging
� Relativistic time dilation applies 

equally to all physical processes, 
including chemical reactions and 
biological functions.

Benny and JennyBenny and Jenny——Separated at Separated at 
LaunchLaunch
� Astronaut Benny travels to Vega, the fifth 

brightest star in the night sky, leaving his 
35.0-year-old twin sister Jenny behind on 
Earth. Benny travels with a speed of 
0.990c, and Vega is 25.3 light-years from 
Earth. (a) How long does the trip take 
from the point of view of Jenny? (b) How 
much has Benny aged when he arrives 
at Vega?
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StrategyStrategy

� For Jenny, these two events clearly 
occur at different locations. It follows 
that the time interval for her is ∆t and 
not the proper time, ∆t0

� Benny, however, the two events occur 
at the same location - namely, just 
outside the spacecraft door. 
Therefore, the time interval measured 
by Benny is the proper time, ∆t

SolutionSolution

� The spacecraft covers a distance d in 
a time

Thus when Benny reaches Vega, he is only 38.6 y old, whereas Jenny, 
who stayed behind on Earth, is 60.6 y old. From the point of view of 
Benny, the trip took 3.61 y at a speed of 0.990c. As a result, he would say 
that the distance covered in traveling to Vega was only (3.61 y)(0.990 c) = 
3.57 ly

The Life and Times of a MuonThe Life and Times of a Muon

� Consider muons traveling toward 
Earth with a speed of 0.995c from 
their point of creation at a height of 
5.00 km. (a) Find the average lifetime 
of these muons, assuming that a 
muon at rest has an average lifetime 
of 2.20 × 10-6 s. (b) Calculate the 
average distance these muons can 
cover before decaying.

StrategyStrategy

� From the point of view of an observer 
on Earth, these two events occur at 
different locations. It follows that the 
corresponding time is ∆t.

� From the muon’s point of view, it is at 
rest and the Earth is moving toward it 
at 0.995c. Hence, for the muon, the 
two events occur at the same location, 
and the time between them is ∆t0 = 
2.20 × 10-6 s.

SolutionSolution

� Thus relativistic time dilation allows the 
muons to travel about 10 times farther 
(6570 m instead of 657 m) than would 
have been expected from nonrelativistic 
physics. As a result, muons are detected 
on Earth’s surface.

3.3. The Relativity of Length and The Relativity of Length and 
Length Length ContractionContraction
� Just as time is altered for an observer 

moving with a speed close to the 
speed of light, so too is distance. For 
example, a meterstick moving with a 
speed of 0.5c would appear noticeably 
shorter than a meterstick at rest. As 
the speed of the meterstick 
approaches c, its length diminishes 
toward zero.
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A relativistic trip to VegaA relativistic trip to Vega

� (a) From the Earth: the spaceship is traveling 
with a speed of 0.990c, covering a distance 
of 25.3 ly in a time of 25.6 y. 

� (b) Astronaut’s: Earth and Vega are moving 
with a speed of 0.990c. For the astronaut the 
trip takes only 3.61 y and covers a contracted 
distance of only 3.57 ly.

Length ContractionLength Contraction

� Speed is equal:

� Benny and Jenny Example gives us

A muon reaches Earth’s surfaceA muon reaches Earth’s surface
� (a) From Earth’s point of view 

a muon travels downward with 
a speed of 0.995c for a 
distance of 5.00 km. The muon 
can reach Earth’s surface only 
if it ages slowly due to its 
motion. 

� (b) From the muon’s point of 
view, Earth is moving upward 
with a speed of 0.995c, and 
the distance to Earth’s surface 
is only 499 m. From this point 
of view the muon reaches 
Earth’s surface because the 
distance is contracted, not 
because the muon lives longer.

4.4. Relativistic Relativistic MomentumMomentum

� The first postulate of relativity states 
that the laws of physics are the same 
for all observers in all inertial frames of 
reference.

� The most fundamental laws are the 
conservation of momentum and the 
conservation of energy for an isolated 
system.

Relativistic momentumRelativistic momentum

� The magnitude of momentum as a function of 
speed. Classically, the momentum increases 
linearly with speed, as shown by the straight 
line. The correct relativistic momentum 
increases to infinity as the speed of light is 
approached.

ExerciseExercise

� Find (a) the classical and (b) the 
relativistic momentum of a 2.4-kg 
mass moving with a speed of 0.81c.

� (a)

� (b)
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Mass increases Mass increases with speedwith speed

� m0 is the mass at rest

5. Relativistic 5. Relativistic Energy and Energy and E=mcE=mc22

� We have just seen that, from the point of 
view of momentum, an object’s mass 
increases as its speed increases. 
Therefore, when work is done on an 
object, part of the work goes into 
increasing its speed, and part goes into 
increasing its mass. It follows, then, that 
mass is another form of energy. This 
result, like time dilation, was completely 
unanticipated before the introduction of 
the theory of relativity.

Relativistic EnergyRelativistic Energy

� Einstein’s most famous result from 
relativity:

� Rest energy:

ExerciseExercise

� Find the rest energy of a 0.12-kg 
apple.

� If the rest energy of the apple could be 
converted entirely to usable forms of 
energy, it could supply the energy 
needs of the entire United States for 
about an hour.

The Prodigal SunThe Prodigal Sun

� Energy is radiated by the Sun at the 
rate of about 3.92×1026 W. Find the 
corresponding decrease in the Sun’s 
mass for every second that it radiates.

InsightInsight

� Thus the Sun loses a rather large 
amount of mass each second—in fact, 
roughly the equivalent of 2000 space 
shuttles. Since the Sun has a mass of 
1.99×1030 kg however, the mass it loses 
in 1500 y is only of its total mass. Even 
after 1.5 billion years of radiating at its 
present rate, the Sun will lose a mere 
0.01% of its mass. Clearly, the Sun will 
not evaporate into space anytime soon.
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Matter and Matter and AntimatterAntimatter

� For every elementary particle, there is 
a corresponding antimatter particle 
that has the same mass but the 
opposite charge.

� Electron: 
m = 9.1×10-31 kg, e = - 1.6×10-19 C

� Positron:
m = 9.1×10-31 kg, e = + 1.6×10-19 C

ElectronElectron--positron annihilationpositron annihilation

� An electron and a positron annihilate when they 
come into contact. The result is the emission of 
two energetic gamma rays with no mass. The 
mass of the original particles has been converted 
into the energy of the gamma rays.

PET scanPET scan

� PET = positron-emission tomography

� Positrons emitted by a radioactively labeled 
metabolite are annihilated when they collide 
with electrons. The mass of the two particles 
isconverted to energy in the form of a pair of 
gamma rays, which are always emitted in 
diametrically opposite directions. A ring of 
detectors surrounding the patient records the 
radiation and uses it to construct an image.

6. General Relativity6. General Relativity

� Einstein’s general theory of relativity 
applies to accelerated frames of 
reference and to gravitation. In fact, 
the theory provides a link between 
these two types of physical processes 
that leads to a new interpretation of 
gravity.

A frame of reference in a A frame of reference in a 
gravitational fieldgravitational field

� An observer in an elevator at rest on 
Earth’s surface. If the observer drops or 
throws a ball, it falls with a downward 
acceleration of g.

An inertial frame of reference An inertial frame of reference 
with no gravitational fieldwith no gravitational field

� An observer in an elevator in deep space 
experiences weightlessness. If the 
observer releases an object, it remains 
at rest.
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An accelerated frame of An accelerated frame of 
referencereference

� If the elevator is given an upward acceleration of 
magnitude g, the observer in the elevator will note that 
objects that are dropped or thrown fall toward the floor 
of the elevator with an acceleration g, just as for the 
observer in the first figure.

Principle of EquivalencePrinciple of Equivalence

� All physical experiments conducted in 
a uniform gravitational field and in an 
accelerated frame of reference give 
identical results.

� Thus the two observers cannot tell, without looking outside 
the elevator, whether they are at rest in a gravitational field or 
in deep space in an accelerating elevator.

A light experiment in two different A light experiment in two different 
frames of referenceframes of reference

� (a) In a nonaccelerating elevator, a beam of light travels on a 
straight line as it crosses the elevator. (b) In an accelerated 
elevator, the elevator moves upward as the light crosses the 
elevator; hence, the light strikes the opposite wall at a lower 
level. The path of the light in this case appears parabolic to 
the observer riding in the elevator.

The principle of equivalenceThe principle of equivalence

� By the principle of equivalence, a beam 
of light in a gravitational field should 
follow a parabolic path, just as in the 
accelerated elevator.

Gravitational bending of lightGravitational bending of light
� As light from a 

distant star passes 
close to the Sun, it 
is bent. The result 
is that an observer 
on Earth sees the 
star along a line of 
sight that is 
displaced away 
from the center of 
the Sun.

Bending of light near the SunBending of light near the Sun

� As the Sun moves across a starry 
background, the stars near it appear to 
be displaced outward, away from the 
center of the Sun. This is the effect that 
was used in the first experimental 
confirmation of general relativity.
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Gravitational lensingGravitational lensing

� The images created by gravitational lenses take a 
number of forms. Sometimes the light from a distant 
object is stretched out into an arc or even a complete 
ring. In other cases, such as that of the distant quasar 
at left, we may see a pair of images. In still other 
instances, four images may be produced, as in the 
famous “Einstein cross” shown at right.

Black Black holehole

� An intense gravitational field can also 
be produced when a star burns up its 
nuclear fuel and collapses to a very 
small size. In such a case, the 
gravitational field can become strong 
enough to actually trap light; that is, to 
bend it around to the point that it 
cannot escape the star. Since such a 
star cannot emit light of its own, it is 
referred to as a black hole.

Warped space and black holesWarped space and black holes
� (a) Regions of space 

that are far from any 
large masses can be 
thought of as flat. In 
these regions, light 
propagates in straight 
lines. (b) Near a large 
concentrated mass, 
such as a black hole, 
space can be thought 
of as “warped.” In 
these regions, the 
paths of light rays are 
bent.

Gravity wavesGravity waves
� Gravity waves can 

be thought of as 
“ripples” in the 
warped space. In 
the case illustrated 
here, a neutron 
star orbits a black 
hole. As a result of 
its acceleration, 
the neutron star 
emits gravity 
waves.


