Chapter 37

Relativity




37-3 The Lorentz Transformation

The Lorentz transformation equations relate the S S’

spacetime coordinates of a single event as seen by

observers in two inertial frames, Sand S’, where S’ —>v

IS moving relative to S with velocity vin the positive Event

x and x’direction. The four coordinates are related [ vi e B

by = 4 g
x'= y(x — vi),
=1 Two inertial reference frames: frame S’
t' = y(t — vxlc?) has velocity v relative to frame S.

Note that the spatial values x and the temporal values t are bound together in
the first and last equations. This entanglement of space and time was a prime
message of Einstein’s theory, a message that was long rejected by many of his

Contemporaries_ Table 37-2 The Lorentz Transformation Equations for Pairs of Events
i i 1. Ax = y(Ax" + v At') 1'. Ax" = y(Ax — v Ar)

The Lo.rentz transformations in term§ of D e i il

any pair of events 1 and 2, with spatial 1 1

and temporal separations is given in Y e Ry

Table 37-2. Frame S’ moves at velocity v relative to frame S.
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M Checkpoint 2

In Fig. 37-9,frame S’ has velocity 0.90c relative to frame S. An observer in frame &’
measures two events as occurring at the following spacetime coordinates: event Yellow
at (5.0 m,20 ns) and event Green at (—2.0 m,45 ns). An observer in frame S wants to
find the temporal separation Aty = t5 — ty between the events. (a) Which equation in
Table 37-2 should be used? (b) Should +0.90c or —0.90¢ be substituted for v in the
parentheses on the equation’s right side and in the Lorentz factor y? What value should
be substituted into the (¢) first and (d) second term in the parentheses?

(a) Eq.2:(b) +0.90c¢:(c) 25 ns: (d) —7.0 m



Sample Problem 37.05 Lorentz transformations and reversing the sequence of events

An Earth starship has been sent to check an Earth outpost
on the planet P1407, whose moon houses a battle group of
the often hostile Reptulians. As the ship follows a straight-
line course first past the planet and then past the moon. it
detects a high-energy microwave burst at the Reptulian
moon base and then, 1.10 s later, an explosion at the Earth
outpost, which is 4.00 X 10 m from the Reptulian base as
measured from the ship’s reference frame. The Reptulians
have obviously attacked the Earth outpost, and so the star-
ship begins to prepare for a confrontation with them.

(a) The speed of the ship relative to the planet and its moon
is 0.980c. What are the distance and time interval between
the burst and the explosion as measured in the planet—moon
frame (and thus according to the occupants of the stations)?

KEY IDEAS

1. This problem involves measurements made from two
reference frames, the planet—moon frame and the star-
ship frame.

2. We have two events: the burst and the explosion.

3. We need to transform the given data as measured in the
starship frame to the corresponding data as measured in
the planet—moon frame.

Starship frame: Before we get to the transformation, we need
to carefully choose our notation. We begin with a sketch of the
situation as shown in Fig. 37-10. There, we have chosen the
ship’s frame § to be stationary and the planet—moon frame S’
to be moving with positive velocity (rightward). (This is an arbi-
trary choice; we could, instead. have chosen the planet—moon
frame to be stationary. Then we would redraw V' in Fig. 37-10 as
being attached to the S frame and indicating leftward motion; v
would then be a negative quantity. The results would be the
same.) Let subscripts e and b represent the explosion and burst,
respectively. Then the given data, all in the unprimed (starship)
reference frame, are

Ax = x, — x, = +4.00 X 10 m
and Ar=1t.—t, = +1.10s.

Here, Ax is a positive quantity because in Fig. 37-10, the co-
ordinate x, for the explosion is greater than the coordinate x;,

The relative motion alters the time intervals between
events and maybe even their sequence.
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Figure 37-10 A planet and its moon in reference frame S’ move
rightward with speed v relative to a starship in reference frame S.

for the burst; Az is also a positive quantity because the time f,
of the explosion is greater (later) than the time #, of the burst.

Planet-moon frame: We seek Ax’" and A¢’, which we shall get
by transforming the given S-frame data to the planet—moon
frame §’. Because we are considering a pair of events, we
choose transformation equations from Table 37-2—namely,
Egs.1"and 2":

Ax' = y(Ax — v A1) (37-27)
and Al = y(m S CA;‘ ) (37-28)
Here,v = +0.980c and the Lorentz factor is
v ! = l = 5.0252.

- V1 — (vic)? V1 — (+0.980c/c)?
Equation 37-27 then becomes

Ax' = (5.0252)[4.00 X 10¥m — (+0.980¢)(1.10s)]
=3.86 X 10°m,

and Eq. 37-28 becomes

(Answer)

2

At = (5.0252)[(1,105) _ (+0.980c¢) (4.00 X 108m)]

C

= —1.04s. (Answer)

(b) What is the meaning of the minus sign in the value for A#'?



Reasoning: We must be consistent with the notation we set
up in part (a). Recall how we originally defined the time in-
terval between burst and explosion: At =¢, —f, = +1.10s.
To be consistent with that choice of notation, our definition
of At’ must be ¢t — ¢}; thus, we have found that

AY =t —t, = —1.04s.

The minus sign here tells us that r}, > r.; that is, in the
planet—moon reference frame, the burst occurred 1.04s
after the explosion, not 1.10s before the explosion as
detected in the ship frame.

(c) Did the burst cause the explosion, or vice versa?

KEY IDEA

The sequence of events measured in the planet—moon

reference frame is the reverse of that measured in the ship
frame. In either situation, if there is a causal relationship be-
tween the two events, information must travel from the
location of one event to the location of the other to cause it.

Checking the speed: Let us check the required speed of
the information. In the ship frame, this speed is

_ Ax 400 X 108m
nfo = Ay 1.10's

but that speed is impossible because it exceeds c. In the
planet—moon frame, the speed comes out to be 3.70 X 108
m/s, also impossible. Therefore, neither event could possibly
have caused the other event; that is, they are unrelated
events. Thus, the starship should stand down and not con-
front the Reptulians.

= 3.64 X 10® m/s,

Vv



37-4 The Relativity of Velocities

When a particle is moving with speed v¢’in the positive
x’direction in an inertial reference frame S’that itself is
moving with speed v parallel to the x direction of a
second inertial frame S, the speed v of the particle as
measured in S'is

u +v
1 + u'vic?

M =

Be careful to substitute the correct signs
for the velocities. Above Equation reduces
to the classical, or Galilean, velocity
transformation equation,

H=u +v

The speed of the moving
particle depends on the
y o frame.

—]> Particle
v : — .
u' as measured from S’

2
u as measured from S

xl

—X
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Reference frame S’moves
with velocity v relative to
frame S. A particle has
velocity u’relative to
reference frame S’and
velocity v relative to reference
frame S.

when we apply the formal test of letting ¢-> «. In other words, relativistic equation is
correct for all physically possible speeds, but classical equation is approximately

correct for speeds much less than c.



37-5 Doppler Effect for Light

When a light source and a light detector move relative to each other, the wavelength
of the light as measured in the rest frame of the source is the proper wavelength A,
The detected wavelength A is either longer (a red shift) or shorter (a blue shift)
depending on whether the source—detector separation is increasing or decreasing.

When the separation is increasing, the wavelengths are related by
[1+
A= -‘li] '\llllll 1 — E
where g = vic and vis the relative radial speed (along a line through the source

and detector). If the separation is decreasing, the signs in front of the 5 symbols
are reversed.

For speeds much less than ¢, the magnitude of the Doppler wavelength shift 44 =
A-A,is approximately related to v by

Y
Ag

¢ (radial speed of light source, v < ¢).



37-5 Doppler Effect for Light

Transverse Doppler Effect: In the figure a source S moves past a detector D.
When S reaches point P, the velocity of S is perpendicular to the line joining P and
D, and at that instant S is moving neither toward nor away

from D. If the source is emitting sound waves of frequency

fo, D detects that frequency (with no Doppler effect) when S

Y=<,

it intercepts the waves that were emitted at point P.
However, if the source is emitting /ight waves, there is still
a Doppler effect, called the transverse Doppler effect. In

this situation, the detected frequency of the light emitted . ... D
when the source is at point P is

f:_ﬂ]"-fl_ﬁz

For low speeds (<<1), this equation can be expanded in a power series in £ and
approximated as

f= j'[_;.[l - ;,ﬂzj (low speeds).

Here the first term is what we would expect for sound waves, and again the
relativistic effect for low-speed light sources and detectors appears with the [
term.



Z Checkpoint 3

The figure shows a source that emits Detector Source
light of proper frequency f, while mov- i /4
ing directly toward the right with speed ( ( ( (

c/4 as measured from reference frame S. i

The figure also shows a light detector,
which measures a frequency f > f;, for

S

the emitted light. (a) Is the detector
moving toward the left or the right? (b) Is the speed of the detector as measured from
reference frame S more than c/4, less than c¢/4, or equal to ¢/4?

(a) right; (b) more



