Afiar siudying this chaptar, the studsnis will ba abis toc v
Distinguish between inertisland non-inerial fremesof reference. b v
Dascriba tne significance of Einslein’s assumption ol the constancy clihe spaadﬂ@
Deecriba thal i cis conatant thenspacs and time become relative W™
Stake the postulates of Spesial thecry of relativity PN
Expkain qualitalivelyand quantitativety the consaquancas of mlmﬂhﬁ‘
Specifically inthe case of
Tha relafhty o simuznatty., Ly
Tha equivalence bebwean mess end energy. *.. J
Lenglh contraction. A \
Timie ciatian, I:\ y
Massiforease
i Etgtuthd spacotme & amathemratical mnd"qlﬂh’l rﬂwwn froots tme pe o fourth dimeneon ofthe
tredfonal Mree imenslongotspece. . -
{itcan be thooghl of as a metsphonesl ghiset of papar that can band, and wharn it bands it can caise
anﬁnsh‘ﬁllngmﬂm\pﬂg&‘ﬁl saanwhangrEvliaional waves pass through objacis )

L -

i

a0 gn

A t the beginning of the 20th century, new exparments and theoretical calculations
f \revealed that classical physics, basad on Newton's lews, could not explain
pharomena inmlvingamei'amaly small particles or very high velocitias. This lad to the
development of relativistic mechanics, which offered a more comprehensive framework
than classics! machanics and fundamentally changed our view of the universe. Albert
Elnstein’s Special Theory of Relativity. Introduced In 1905, addressed these lssuse by
proposing thal the laws of Physics are the same for all observers and that the speed of
light is constent, regardless of the observer's motion. This theory not only resolved the
conflicts beteasn dassical mechanics and slectromagnetic theony but slso revolutionized
ourunderstanding of time, space, and motion, forming the basis of what is now known as
rmcdam physics. Thig chapter will gxplore how Eingtein's theory reshaged our view of the
universe and continues toinfluenca our understanding of the physical world,

11.1 RELATIVE MOTION

Congiderthrowing a bail to youright. For somaana facing you, this directioh appears to
his left. This illustrates that direction is a relative concept. Similarly, the state of rest or
motion of an ahject depends on the cbserver. For example, the walls of & maving train

=
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seem stationary to passengers inzide the train but appear to be moving o someaone
standing an the ground. Thue, wa cannot definitively say whather an objact le absolutely
at rest or in motion; all mations are relative o the obsener or to the reference frame
being used. This becomes evident with the following example: An observer in a closed
train compartment uses tha compartment as his frame of reference. To determine the
train's motion, the observer drape a ball and measuras the horizontal distarcs travelled
by the ball, keeping the vertical distance the seme in each case. I is assumed that the
vartical distancais coveradin “f" secendsinall scanarios.

Case (a): Suppose the train |3 stationary. In that case, the horizontal velocity of the ball
will be zero, and the herizental distance travelled will aiso be zero, In this scenario, the

cbaervatlons mada by the

observer inside the frain and .

by someone oulside the train {

will ba idantical. The ball will ]

have fallen o a paint on the (%) U
floor directly below the point

from where it was dropped QbserverIn the trein \ Chserver outslde the traln
{Fig.11.1-a). e 199

Case (b): Thetrain is moving with a uniform velocity v.. When the beall is relessed, ithas
an Initial horizontal velocity v, and behaves |[ka a projectile. It travels a honzontal
distance v tin time tit takes for the ballto mach the floor. Since both the train and the
abzerver inside it are moving with the =ame velodty v, they both travel the same
hortzontal distanca vt In the same fime L. Therafore, the obsarver Inslde the traln
sees thal the ball falls to a point'en the floor directly below where it was dropped. In
contrast, en cheerver cuiside

the train will see the ball

following & projectils_path, { @ “

as shown in Fig. 11.1(b). Y g

Thus, observers in  different 1___"._....__..... _.__i =
frames of referance, moving 3 ; -’f'

with uniform velecily relative  qpeanerinthe =
ke 1:|ﬂ13r will percaive  meving train Gbﬁm‘u‘nrauwldntl'mr:nving train

motion differenty, Flg. 11.1{b}

11.2 FRAMES OF REFERENCE

We have discussed the mozt commoniy used Cartesian Cocrdinate System. In effect, a
irame of referance is any coordinate system relative to which measuremenis are akan.
Forexample, the position of a table in a room can be desecribed relative to the walls of the
room, making the room the frame of reference. Similardy, the laboratory is the reference
frama for measursments taken thera, If the same experimant is performed in a moving
train, tha train becomes the frame of raference. The position of a spacaship can ba
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described ralative to the positions of distent stars. A eoardinate systern based on these
stars is then the frame of referenca,

Inertial and Non-inertial Framea of Reference

An inertial frame of reference is dafined as & coordinata aystam in which tha law of
Inertia Iz valld. This maane a hody at reat ramalns at rest uniess acted upen by an
unbalanced force that produces acceleration. Cther laws of nature alsoapply insucha
system. For inslance, a body placed on the Earth remains at rest unlesz an unbalanced
force aets upen i, indicating that the Earth can be considered an inertia frame of
refarence. A body in a car moving with uniforn velocity relative to the Earth alsa remains
at rest, so the car is also an inertial frame of reference. Thus, any frame of reference
moving with uriform welocity relative to an inertial frame iz 2lso an inertial frame.
However, if the moving car ia suddenly stopped or 7 Wow emar irifewriiastion B
accelerated, the body inside no longerremaine ai rest. Insuch | Ralstivity & e m;
casas, the car is nol an inertial frame of reference. Thersfore, Wwayinwhich ctssrvars from
an sccelerated frame of referencs s a non-inertial frame.  moving frame of mferenca
While Earth is rolaling and revolving, meking it-stictly affset your perception of tha
apesking a non-inartial frame, it is aften treatad as aninartial werd.

frame duato its relativaly amall aecelaradon.

11.3 SPECIAL THEORY OF RELATVITY Il o=~ Tl

The theory of relativity deals with how cbservers in
different states of relative motion describe physical
phenomena. The special theory of relativily addresses
problemainvalving inertial (nron-aocelerating} frames of
refarenca. Thers ig anothar theocry, called the general
theory of ralativity, that deals with problems involving The ﬂ!:?; : light ¢ ..-;-::: :yrt:;
frames ufmferano;& thatare amhﬁung réletive o one ﬂbsmmn, one mewingIn the car with
another. The special theory of relativity is based ontWe ooeq y end cther standing on the

postulates, which can ba stated ag follows: rad
1. Thelawsof physice are the same in allinerlial frames (Principle of Relativity).
2. The'speed of light in free space has the same value for &l observers,

ragardiess of the slate of motion of the source or the observer (Princlple of
Canstancy of Light).

The first posiulate generalizes the fact thal 2l physical laws are the same in frames ol
reference moving with uniform velodty relative to one ancther. If the laws of Physics
diffared for abearvers In relative motlon, thoss obsarvers could datarming which wae
stationary and which was moving. However, such a distinction does not exist, implying
thal there is noway o detecl absolute uniform motian.

Tha sectnd postulals statas the exparmesntal fact that the spaad of llght Infree spacals
auniversal constant, denofed as ¢{c=3x= 10°m ). Since ¢ is constant, spaca andtime
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becoma relative. For example, if you ar siting in 8 train moving at the spaad of light and
you hold up a mirror in front of you atarm's length, you will still sea your reflaction in the
mirror, Thisis becauss, according to the principle of relativity, no expariment can detect
tha constant motlon of tha train relativeta tha parson Inside it

Thesze simple postulates have far+eaching consequences. They include phenomena
such as the slowing down of clocka and the contraction of langths In movirg raferancs
frames as obsarvad by 3 stationary cbserver, Some interesting results of the special
theory of relativity can ba summarized as follows, without going into their mathematical
details.

The Relativity of Simultaneity

If two evenis in different locafions are observed by one chserver to be simultzneous,
they will generally not be observed as simultaneous by another pbsarver in & differsnt
frame of raference moving relstive to the first obeerver. In other words, whathar two
avents are sean as simultaneous depands on the chsarvar'sframe of rafarence,

Conasider a train equipped with light-operated doora. Thielight awitch is located in the
cantre of the mof and is operated by a traveler standing in the middle of the
compartment. When the frain is travelling at half the speed of light, the traveler tums on
the light. The light travels forward and backward alequal speed and reaches both doore
at the same time. Consequently, the travéler sees both [ TFar vaus Iniarmuiian |
doors opening simultanecusly. However, an ODSEVEr |ruo are iy atrams of isfarence
outside the train will see the back door open before the  moving &t congiant velocity
front docr. This is because the hack door is moving from which you cennot see any
towards the light waves, while the front door is moving  other frame of rsfarancs, thare
away from the Eght waves. o it vy el e

maving or atrest
Tiime Dllatlon

&goording to the special theory of relativity, time iz not an absolute quantity; it dependa
on the motion of the frames of reference.

Suppese an ahsarver is slafionary in 2n ingrdial frame and measures the fime interval
between two eventzin this frame. Letthistimeinterval be £, This iz known as propertima.
If the observer & moving wilh respect to the freme of events with relaiivistic velocity v, or if
the frame af events s moving with respect to the ohsarver with 2 uniform relativistic
velocity v, the time maasured by the cbeerver will notba {,, butrather?, givenby

i
et S e g e U I
1=
§ o
As the guantity .41 - ;—: is aways less than gne, so s greater than &, i.e., time has

diated or stretched due to the relative motion of the observer and the frame of reference
of the events. This aslonishing result applies to zll tming processes—rphysical,
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chemical, and biclogical. Even the aging process of the human body is slowed by mation
atvary high speeds or relativistic spesds.

For example, if a traveler on a plane moving at 0.2 ¢ picks up and opens a book, the
avent tekes one second as measured by the iraveler. However, 1o a person standing
outside the plane, the same evanitakes 1.7 seconds.

Length Contraction

Tha distangs from Earth to a starmessurad by an observarina moving spacashipwould
appear smaller than the distance measured by an observer on the Earth. In other words,
if you are in mofion relative to two points that are a fixed distance apart, the distance
betwean the two points appears shorter than if you were at rest relatve to them. This
effeci is known as length contraction. Length contraction oecurs only along the direction
of mation; noauch cantraction iz obaervad perpendicular o the direstion of motion. The
length of an object or the disiance bstween two pcints measured by an obzarverwhois
at reat relative to them is called the proper length £, If an object and an obsarver are in
relative motionwith speed v, then the contrected length '#*is given by

£-2 ﬁ”':?“ e i e (11.2)

Let & train that is measured to be 100 meresiong when al rest iravelat B0% of the speed
of light (0.8 £). A person inside the train will measure its length as 100 metres. Howaver,
a parson standing by the sids of tha frack will cbsarve the train to ba only 80 metreslong.
This affec! of relativity, which |5 tha shartaning oflsngth in the dirscion of motion, Is dua
tolength confraction.

Mass Varlation

According to the special theory of relativity, the mass of an object ia g verieble guantity
that depents on the ohject's speed. An object whose mass is measured at reslis called
ils rest mass i, | will have an increased mass mwhen obsarved o be moving atspeed
v. They are related by

s S R 1
e v
{-=
The increasain mass indicatss tha increass ininstia thet an chiect has at high speeds.,
As vapproachesc, it requires a greater force fo change the object's spead.

v v
Aa v—:-t:.E—»‘I. therefors, \{1—?—1»0

Thus m—om

An infinite mass would require an infinite fores to acoslerate it Since infinite forces are
not available, anobiect cannot be acoelerated tothe speed of light cin free space.

In our everyday life, we deal with speeds that are extremely small compared to the
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speed of light. Even Earth’s orbital speed is onky 30 km &7, whila the speed of lightin free
space is 300,000 km 5", This is why Newlon's lews are valid in sveryday situstions.
Heowever, when dealing with aubatomic particlas moving at velocities aoproaching the
spacd of light, relatdvistlc effects bacome vary prominant, and axparimantal results
cannct be explained without considering Einstein's equations.

114 THE EQUILANCE BETWEEN MASSANDENERGY
#zeording tothe special theory of relativity, mass and energy are distinct entities but are

imlarcanvertible. The total energy £ and mass m of an object are related by the
BXprEssion:

where mdepandson the spead ofthe chiact. At rest, the enargy equivalant of an object's
mass i, is called itk rest mass enargy £, Thus,

E =mfg

As mc s greater than m ¢, the difference of enargy (me’ — m,c') is due to the motion,
and it represants the kinstic enargy of the mass, Hence,

KE =fm-m}c
Fram Eq. 11.4, the change in mass mdue o change inenergy AE isgiven by

AE

Because & is a very large quantity, this-implies that small changes in mass require very
lerge changea inenargy. Inour everyday world, energy changes are too small to provide
meaasurable mase changes. Howaver. enargy and mass changes In nuclear reactione
arefound to be exactly in accordance with the aforementionsd equations.

115 SPACE-TIME[NRELATIVITY

Space is said to be athree-dimensional extent in which all objecs and events ooour. It
provides a framework to define the posifion and motion of vardous cbjects under tha
influance of soma force.

Time measuras the sequence and duration of avents. In the thecry of relativity, time is
not absolita; it is considerad the fourth dimension. For axample, oscillatory mation,
such as that of a swinging pendulum, reliss on time 10 delarmine the frequency ol
oscilletions. Another example is time dilation, 2 phenemenon discussed esarlier in this
chapter, whare tima passes mora siowly for an ohsarver moving at axtramely high
speads compared to ahe at rest. The epeclal thaory of ralalivity explalns that epace and
time arg relaled to each other. ltdesaribes how space and time are influenced by gravity
and spaed, such as the banding of light around massive objects like stars.

Space-time i, in fact. a mathemalice modal that unifies space-limea inlo & single
continuum. Itis a concept used to describe all points of space and time and their relation
to each othar. According to Einstein's theory, spaca-tima is curved aspacisily near
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messive bodies and for speeds
approaching the epeead of light. Vwa can
hypothetically visualize this as a fabric
sheet. [T a heawy ball is placed over this
sheet, itcurves asshownin Fig. 11.2.

Cbjects such as stars and planeis cause
space-time to curve around themselves,
much like an elastic fabric deforms whan
holding 8 bell. The more massive the
object, the deeper the curve. Fig.11.2

Conssquenty, we do not speak of a force of gravity acting on bodles, Instead, we say
that bodies and light rays move along geddesics (analogous to straight lings in plana
geometry) in curved space-fime. Thus, a body st rest or moving slowly neer a massive
objactwould follow a gecdesic toward that object.

Einstein's theory provides a physical plture of how LiLeresting inform
gravily works. Newton discoverad the inverss square law
of gravity but explicitly statad that he offared _ne
axplanation for why gravity should follow this law.
Einstein's theory also describes gravity as following &n
imarsa square law {except in strong gravitational fialds),
but it explains why this is so. This is why Einstein's theory
is congidersd an sdvancement gver Newton's, even
though It encompassas Newlan's theofy and vields the
game resulls as Newlon's thaoryin all bul very strong
gravitational fields.

Tha banding of elaright causad by the Sun's gravity was
measured during a solar-eclipse in 1919 The resuits

B ; . Bandng of staright by the Sun.
matched Einztein's theory rather than Mewton's, leading Light from the st A ks deflectd

to Einstein's theory being halled as a sdenlific iumph. a5 prsses dose tothe Sun on it
Another success bf Einatain's theory was the detectionof way to Earth. We ace the ster
gravitational waves, produced by some celeslial events :;'“;:: h:p;:r:ghd:m;i)rnm;r;
causing disturbances (souesres and stnetches) in the predictad that § = 1,745 eeconds

curvatura of spaca-tima,. These waves ware delected i of angle which was found 1o ba

=ioam i

2015 and announced in 20185. tha same during the sokar eclipsa
af 1918,
| Exampie 11,100 The period of a pendulum is mesaured to be 3.0 8 in the Inertiel

refarence frame of the pendulum. What |5 ite period measured by an obsarver moving
at a speed of 0. 95 cwith mspectio the pendulum?

f Tolutien]

{.=3.0%8, v=0.95¢, =7
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.J1—(°'95 ¢f  .J1-(0.95¢
c?

Using

=065

| Esmmple £1.20 Abar 1.0 m Inlength and located along x-axls moves with a spaed of
t} 75 cwith renp-ucti‘aa stationary observer. What is the length of the bar muuasurad
by the stationary ochsernver?

|§i Soltrdon ' il Far ywrmlmx!‘an' _’

£=10m , v=075¢c , £=7 Thnhaty’rwmnmnrclm
:am:l source of gravity, the
awerthe time gose for
Using z=rb,}1~-:—: SE i el o

£-10 mﬂu1—m':¢ﬂ 1.0 m*/T—(0.75) — 0.66m

| Eaample 15.2]] Findthe massmofa mymghhiectwﬂh speedD.Be.
il scdurtion ] N

G [ Tinterasting Informationl I
Using m = _mL, ) If you Bre on some spaceship
J-‘_V mowing extremely f2st through
FralP S space nar & biack hok (ke in
movie, “Intersielesr then you
or = L - ==167M, couid miss 7 years on the Earth in
J ”('D,Ea}’ ~f1 {0.8) sverybour.
or ni“- 1.67m,

Hypothetical Example of Spacs Time

Let a spaceship be ravelling to a star with half of the speed of light. Let it takes eight
years to regch to the star, from the point of view of the observer on the Earth. From the
Earth's point of view, the clocks on the spaceship are moving slowly, so thal less time
passes on the spaceshipcompared to the Earth.

Forthe spaceship occupants, the length of tha joumay has contracied which they cover

in less time. The cccupants of the spaceship record T years to reach their deslination,
ratherthan 8 years.
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(@ Multipie Cholce Questions [j|

Tick (') the correct anawer.

11.1 Relativistio mechanio vields results different from dassical mechanios for
ohjects moving with;
(2) low velocily {b) velocity equal to that ufqnunl:l waves

{c) velochty greater than sound waves (d) velodity approaching tnﬂt dl‘ light
11.2 If an observer is moving in the same direction 85 8 sound wave, thB velodty of the

WEYE S88ms3 o be; - _---
(a) more (b) less _ .'."."
{c) constant (d) sum of ih} two velocities
11.3 If the rest mass of a paricle m, increasas fo mdmh its high speed, then iz
kinatic anargy (&

(a) 172 m¢? b} ti2m ['c}{m m,.]ﬂ’ {dy12(m=-m,)¢
11.4 The speed of beam lighl of a car wrlle ﬂm\flng with high speed as compared (o
ity rest positian is:

{a) graater (b) less (::; sama {d} zero
11.5 A pheton is a particle of light, tht its mass when it moves with 0.9 27
(a}9.1x 10kg (b} 1.67 2 10%kg (c] 167 x 0% kg (d) Zero
[@ _{Short Answer Questions [ ]
111 Whatis maantli’f |h§9rhd frame of refarance and a non-inertial frame of referance?
11.2 Whatara lﬂn‘hm poatulates of spacial theory of ralativity?
1.3 Dasarlbafwhyit isimpossible for a material particle 1o move with speed of light.
1.4 Dm%hmryufmhﬂmiy contradicts Newtan's laws of motion™ Explain briefly.
11.5 Whatia meantby propartimea, and propar langth?
11.6 Whatis meantby relativistic mass, length andtime?
11.7 Why mass of a moving objectincreases?
11.8 Al motion are ralatives. Does space-ime is absclute? Explain briafly,
11.% Explain thetspeed of lightia sn ultimnate limit for any object.
11.10 Glve axamples whare the resuits of special thaory of relatvity have bean verified.
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{| Constructed Response Questions | |

Spead of sound is affected by relafive mction between thae obsarver and the
source. Dioes this apply o speed oflight as well? Describe briefly.
Is it ever pozsible to see a star moving away from us at a uniform velocity equal o
the velocity of light?
ifthe spead of lightisjust 50 m s, howwould every day events sppearto?
if the speed of light wars infinite, what would the squations of special theary of
relativity reduce to?
Accarding to Einstein’s equafion; £ =m:, is it possible to create a single electron
from energy? Explain.

| Comprehensive Questions ]
What is meant by the “frama cf refarence”? Distinguish batween inerial frame of
refarance and non Inerial framae of refarenca by giving examples,
Describe the Einstein's mass-gnergy equation; why cannot we observe its effects
In everyday Iife? What ara its sigrificant consequences? Give sxamples.

State the Einstien’s concept about the space-time. Describe the view of gravity
according tothis concept.
@ NumernicgDProbiems [}
Angleciron is accelerated to a speed of 0 985 o which passes down an evacuated
tube 500 mlong. How long will thetube appearto the elactron? (Ans: SO m)
A nautron, being not a stable particle, disinfigeratas in 24 minutes on the average.
How longwill it seem toexist if shoots out from a nucieus witha speed of 0.8 £7
(Ans: 33.3 min)
Aspaceship ismeasured 100 mlong while itis at rest with respeci to an chaerver. if
thie spaceship howflies by the chearverwith aspeed of 0.89 ¢, what length will the

otiserver find for the spaceship? {Ans: 14 m)
The rest mass of an electron is 9.11 x 10 kg. Calculate the comesponding rest-
mass energy. {Ans: 8.2x 10" Jor0.51 MeV)
An electron is accelerated to a speed v = 0.85 c. Calculate its total energy and
kinatlc anargy In ebeciron volt, (Ans:0.97 Mav, 0.458 MaV)
Atwhat spaad , would the mass of a proton ina particle accalerator be tripled?
(Ans0.843 )

The period of pendulum is measured to be 3 s in an inertial frame of reference.
V/hat will be the peried meesured by an observer in a spaceship with & constant
speed of 0.95 cwith regpactic the pendulum? (Anz:8.65)
Hypothetically, If a ball of mass 0.5 kg Is projected with a velochy of 0.2 ¢, what will
ba its massin flight? [Ans: 1.16kg)




