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- Preface ﬁ

I feel extremely happy to present this book, RELATIVISTIC
MECHANICS AND ASTROPHYSICS for the benefit of the Core
Course in Physics, Sixth semester B.Sc. Programme of University of
Calicut. The book is prepared in accordance with the latest syllabus of the
restructured, choice-based credit and semester system. Maximum care has
been taken to maintain the standard and quality of the content, precision
and perfection of the treatment, and the lucidity, simplicity and clarity of
the style. All efforts have also been made for the sequential arrangement of
the conceptual aspects of the subject matter in a systematic format,
incorporating as much relevant facts as possible to make the description
clear, straight-forward and self-explanatory. A large number of solved and
unsolved problems, typical examples and all types of model questions,
covering almost all fundamental aspects, have been given for an elaboration
and systematic analysis of the basic concepts, and a deep insight into the

-

subject matter.

1 do not claim the originality of the subject matter, since the essential
materials have been collected from authentic reference sources. Despite
our careful scrutiny, errors and omissions might have occurred and we
will be highly obliged to those who bring them to our notice. All suggestions
for improvement will be thankfully acknowledged and considered. I hope
that the book will be highly useful to cater to the needs of the students.

Calicut, : P. Sethumadhavan
P November, 2021.
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Introduction

SPECIAL RELATIVITY

" The special theory of relativity, shortly called relativity, was put forward by Albert
Einstein in the year 1905 which revolutionised the concept of space, time and mo-
tion on which Newtons laws were founded. Probably no physical theory in twenti-
eth century has been the object of more discussion amongst philosophers and scien-
tists, and at the same time caught the imagination of the intelligent layman, than the
theory of relativity. This is essentially due to the fact that the concepts underlying
the theory of relativity are not only radically new but also provide a frame work
which embraces practically all the branches of the physical sciences. Actually ev-
erything stemmed from the inadequacy of Newtonian mechanics.

The entire edifice of mechanics was built upon the 3+1 laws of Newton. The first
3 stands for the three laws of motion and 1 stands for the law of gravitation of
Newton. With these laws, Newton explained the macroscopic world with amazing
success. It lead scientists to believe that these laws were universal in their applica-
bility. To explain laws of motion, Newton assumed that space and time are absolute.
But he could not support his conviction by any scientific argument, nevertheless he
clung to this on theological grounds. But with the development of the wave theory
of light scientists find it necessary to endow absolute space with certain mechanical
properties. For this scientists evolved a hypothetical substance called ‘ether’ which
they decided must pervade all space. It provided a mechanical model for all known

phenomena of nature and a fixed frame of reference, the absolute space, which New-
tons laws are required. :

Michelson-Morley-Experiment

According to Christian Huygens wave theory, light propagates through ether which
is stationary with respect to earth. So velocity of light should be different for differ-
ent directions. To verify this Michelson and Morley used Michelson’s interferom-
eter. it consists of a semi silvered glass plate P, a compensating plate G, and two
plane mirrors M, and M, kept perpendicular to each other. The compensating plate
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G is kept to make the optical path travelle
pendicular directions. Light from a monoc
kept at angle of 45%gets split into two parts.

< :

towards MI, at the same time the other part un :
W l | enters an eyepiece | ' f, :
towards Mz' he rays get reflected from Ml and IVI2 ters ey | ormj

interference fringes. Let v be the velocity of the earth z}round the 31;11. Thel'efore With
respect to the ether medium the apparatus has‘a velocity v. Th(:': ef’ §ct 15 the same i
if the apparatus is at rest and ether is moving in the opposite direction. As far as the
reference frame lab is concerned the apparatus is at rest.'So ether moves in the Oppo-
site direction with respect to the lab frame. Now COI]SI-delj a ray which hgs starteg
towards M, . Since the ether medium tracks this wave with it to regch. M,, light ways
should be travelling in the direction PA so that the resultant velocity in ether ig PM_
Let ¢ be the velocity of light when there is no relative motion between the source of

d the same for both rays moving i, =
hromatic source ‘S’ on falling the Plate P
One part undergoes reflection ang 2oes
dergoes refraction through P ang e

light and ether. Therefore resultant velocity along PM, =vc’—v>. Let L be the

; distance from P to M i
/1

The time taken by the light wave to travel from P to M. = 72:;
: € =V

Time taken by the light wave to travel from M, to P will also be the same. Since
in this case also the light wave is crossing the ether wind.
The time taken by the light wave to travel from P to M, and M, top

2L = ile
A ey T A L 1
NE-v v (1)

v = 3x10°m/s (velocity of earth)

c= 3x10° m/s

v’ 9x10° ;
c 9% 10" =i

2
i v . .
| ; ] . . PR o
Since s 15 small, using Binomial approximation equation (1) can be written as

'(1+x)":=1+nx

f
j ' . when x << 1

e 00 &
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2L i s |
t, = = [1—0—2) mor ( +2C ] ...... (2)

Velocity of the light wave which travels from P to M, is ¢-v (since it is in the
opposite direction of the ether wind)
Velocity of light which travels from M, to P = ¢ +v.
- Time taken by the light wave to travel from P to M, and M, to P.

) 2 | S e e B

t,= + ST 2
Ce—V E£+V c"—v 1__\1_

2

C

(since PM, =L)

2
As before neglecting higher powers of 2—2

~1
2L/¢c a B
2 ST 1 c[ cz) 3 ( e ) ....... (3)

The time difference between the two waves entering the telescope.

21, v:) 2L v’
tz —'f.] =_(-3—(1+C_2)__C_ [l+'2?)

Lv?
i At s e T mr S (@)

Equation 4 shows that there is a time difference between the two rays entering the

telescope. A difference of time At causes a path difference
2
| Af-c= ]':; e (5)

Because of this path difference interference fringes are formed in the telescope.
Adjust the telescope and the cross wire is made to coincide with one of the fringes.

Now the apparatus is turned through 90° so that the two beams interchange their
paths. i.e. in the rotated position the beam which was perpendicular to v now be-

Lv?
cfl

comes parallel to v and viceversa, the path difference will be =~
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Figure 1.1
Displacement of the interference fringes
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But in the experiment no such fringe shift was observed. This shows that this
experiment gives a negative result. This null result suggests that there is no ether
medium which is stationary with respect to the earth and the velocity of light is a
constant in all directions.

Example 1

In ac@a] Miche]son—MorIey experiment the total distance from the partially sil
vqed mirror to each of the mirrors was 10 m. The wave length of light used was
5(?003. Ifthe orbital velocity of earth is taken as 30k s™', calculate the total fringe
shift when the apparatus is rotated through 90,

Solution

L=10m

v=30x10" ms~
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A =5000x10"m

2 8
Fringe shift, §=2LY =2X109x10" _, 447,
c* 9x%10
=
Number of expected fringe shift === i - 13_7 =04,

Note : It may be noted that Michelson Morley experiment was sensitive enough to
detect a fringe shift of the order of 0.01 fringe.
Example 2

If the arms of a Michelson interferometer have lengths /, and [,. Show that the

fringe shift when the interferometer is rotated by 90° with respect to the velocity v

2

Sl lz— , where A is the wavelength of right.
c

through the ether is § =

Solution
See figure 1.1

l]‘

The time taken by the light wave to travel from P to M, =———~\/—
2 2
c =V

Then time taken by the light wave to travel from M, to P will also be the same.
- The time taken by the light wave to travel from P to M, and M toP

52 [

t, = ____221, =21 (c* =v*)

Vet —v?

2L
gzl N s &
1 2 g 2
c c c 2¢

Time taken by the light wave to travel from P to M, and M, to P

fhes L i L _ 2
AN CA VY

E= 2—12-(1—\12 le2))
c
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21, ‘ Vz)
o +—
tz_«-—c [1 Cz/

h f

e
A S B E oy
2o} 5]

¢
0 ms are interchanged. The ¢
If the apparatus is rofated through 90°, the ar € time g

ference is

L+, v
At:—( 1 .2)_2_
¢ (6

The fringe shift, 6= fDAt’

i.e., 5=

Example 3

H - L. Fizeau investigated the
the interferometer shown below.
Light of ; {
s ligg ¢ tra:/:}\'ae:;lg;hthx from a source § is split into two beams by the mirror M

nd the interferometer in Opposite directions and are combined

velocity of light through a moving medium using
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Water flows out

T
Mj/—'l[ 3

M MM, M and M, are
< ] :\2 mirrors at 45°
«— I i
v H
W ¥ i
~ 1
L —
L3 x
vw
e X
S N > > e
T\ | [ % M,

Water flows in

Figure 1.2

Solution

Time taken by light to go around the interferometer anticlockwise is

1 L [ L
t —_—

= St =k
vp Sy b et
n n
21 2L
- —
¢ C
v, +—
n

where v_is the speed of water and n is the refractive index of water.
Time taken by light to go around the interferometer clockwise is

t,=

21 2L
+ —

c c
__..Vw
n




i

icS
12  Relativistic Mechanics and Astrophysic:

i telescope is
The time difference of light wave entering the p

BE
A=t A -
SRR A A
n n
1
At=2] S :
—=V, Vyt—
n n

Z~2_._ nv.\v 3
i C
c
At = 2111 2nv
C c.

CZ

Hence the fringe shify ~ vAt << At
A

1 /
f ol b
'll Ac
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Note: The actual fringe measured by Fizeau was 8 = 4n> ivw f, where f = 1 ——15
n
known as Fresnel drag coefficient. This was explained only after the advent
- of relativity.

Postulates of Relativity

The entire edifice of relativity was built upon two basic postulates. They are
called (i) The principle of relativity (ii) Principle of constancy of speed of light.

I. The principle of relativity

According to this principle all laws of physics are the same in all inertial
frames. It means that it is impossible to designate an inertial frame as stationary or

moving by conducting experiments. We can speak of the relative motion of the two
frames.

I1. Principle of constancy of speed of light

According to this principle the speed of light in free space has the same value
in all inertial frames.

These two postulates - one stating that all motion is relative, and the other speed
of light is relative to nothing but it is an absolute constant, seem contradictory. But
in the world of relativity they do not conflict. No experimental objection to Einsteins
special theory of relativity has yet been found.

Galilean transformation

Suppose a physical phenomenon (event) is observed from two separate reference
frames, naturally they will have two seperate sets of co-ordinates correspondmg to
their frames of reference.

Equations relating the two sets of co-ordinates of the event in the two frames
are called transformation equations. If the two frames are inertial ones, the

transformation is referred to as Galilean transformation.

*[The position and time of occurrence of a physical phenomenon taken together

is called event].

Galilean transformation equations

There are three Galilean transformation equations
(i) Galilean co-ordinate transformation.
(ii) Galilean velocity transformation.
(iii) Galilean accelaration transformation.
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of an event measured by S an

in §'. To begin with let the tWo fr

frames observe an event taking plact e

moved a distance vt along that direction S

spect to the rest frame S, the co-ordinate ! ,’
3oy 25 1)

moving frame §', the co-ordinates are

YA | TY' o P(Xy,2,0
. s § Y520
S vt x' i
— "nox
G sx. 0 ' '
z &
Figure 1.3
Therefore we can write (see figure 1.3)
X' =x—vt A1)
Since there is no motion along the Y and Z directions
V= ysand S SEMR SIS RS et i )
S AT e P D e (3)

Since according to classical idea the event should appear simultaneously to the
two observers.

. e (B)

o riquauons 1,2, 3 and 4 are known as Galilean co-ordinate transformation eque

These tran ' ] |
sformation equations aflow US o go from one inertial frame S to a%

other inertial f; 7 | ‘
tons laws we é:::] iei thI f Wt;-subsnmtcthls transformation of co-ordinates into NeV’
at the laws of Newton are of the same form in two frame*
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(see example 2). But if we transform Maxwell’s equations by the substitution of
above transformations their form does not remain the same. It shows that the above
transformation does not give a law of physics equivalant to the two frames of refer-
ences. That is Galilean transformaltion doesnot satisfy the first postulate of relativ-
ity. (see unit III)

Galilean velocity transformation equation
Differentiating equations 1, 2 and 3 with respect to t gives.

d de o A L
a - od (dt’_dt’smcet “t)
dyt _ dy

de dt

dZ _ dz

dt’ dt

using %: u’, the x-component of velocity measured with respect to S and

%xt— =u_, the x-component of velocity measured with respect to S and so on. Then
the above equations become
Ul =u, =V s e Tl (5)
e R (6)
u, =1, Sl

Equations 5, 6 and 7 are called Galilean velocity transformation equations or
simply the classical velocity addition theorem or Galilean law of additon of veloci-
ties. Clearly in the more general cases in which velocity v has components along all
three axes, we would obtain the general vector result

B S T e TS e R R (8)
For example the velocity of an aeroplane with respet to the air (' =¥,,) equals
the velocity of the plane with respect to the ground (ii =V,;) minus the velocity of

the air with respect to the ground (V=V,;)
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1.e., Vor = Vs — Vg
Vos +Vac = Vo
ols fusing to get the result.
transformation equations to particle

S Whigy

this equations fail badly. For exapy, "
Ple |y

or
See the same subscript symb

If we apply these Galilean velocity

are moving very fast, we canl see that
u/ =c' and u, =¢C be the velocity of light observed by the persons in g

respectively

ie., ¢'=c—v
ows that velocity of light is different for different inertial fy
dme;,

This equation sh
?t is contrary to experimentally observed fact that velocity of light is sam
inertial frames. That is it violates the second postulates of relativity (see un?tgoli a
)

Galilean acceleration transformation equations
Differenting equations 5, 6 and 7 with respect to t(t = t)
weger B = B (o &Yoo
TR T e
The sec i
S ond' te@ on the R.H.S of equation 5 does not give a derivative with
pect fo time since § the velocity with which the frame S’ is moving is a "
constant,

du du

ST et
dt’ dt
and du; ¥ du,
dr’ dt

du; % u
TR the acceleart' vent wi i
it i | ion of the_ event with feSpﬂCt to the S' frame Bﬂd ==
’ erali ' i T ‘ “
the acce on of the event with eSpeCt to the S fl'ame and t
SO O1.

Thus we have
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It shows that both frames (or observers) measure the same acceleration. Thus
according to Galilean transformation, the acceleration of a particle is the same for all
observers (frames) in uniform relative motion. Since the acceleration remains in-
variant under Galilean transformations [passing from one inertial frame (rest) to
another inertial frame (uniform motion)], acceleration is called Galilean invariant
physcal quantity.

In general physical quantities which remain invariant under Galilean trans-
formation equations are called Galilean invariant quantities.

Example 4

A rocket travelling at a speed of 500 m/s ejects the burnt gases in opposite direc-
tion from its rear. If the speed of the ejected gases relative to the ground is 1000m/s.
Find the speed of the ejected gases with respect to the rocket.

Solution

Take the ground to be the rest frame (S), moving rocket to be the S' frame and the
event served to be the ejected gas.

Velocity of the ejected gas with respect to ground, u_= —1000 m/s

Velocity of the rocket with respect to the ground, v = 500 m/s

Velocity of ejected gas with respect to the rocket?

r

llx = Ux =N
= —1000 — 500
= —1500 ms™

Example 5

Show that the force acting on a particle as observed by two observers in two
inertial frames of reference is the same under Galilean transformation (i.e. v<c¢)
Solution

Consider two inertial frames S and §'. S be at rest and S’ be moving with a
velocity v with respect to S along the positive x-direction. Let us consider two ob-
servers one in S and another in §'. Consider a particle of mass m moving with a

velocity u, with respect to S. Let a force F act on the particle for a time t which
changes its velocity to u..
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Example 6

Two light pulses are emitted in t

he opposite directions from a source g o
What is the speed of one light pulse as measured from the other. :

Selution _

Let the rest frame S be attached to the source and the moving frarne N
tached with the pulse moving along the x-direction. The S* frame is observing ,
light pulse moving along the —x direction.

Then
velocity of the light pulse with respect to S, u, =—c
—ve sign comes, since the observed light pulse is moving in the —x direction
velocity of the S’ frame v =¢
. The velocity of the observed light pulse with reépect to §,
u,=u_—y
, =—Cc—-c=-2¢
. —\];e sign shows .that light ;?ulse is moving along the —ve x-direction. It shows that
¢ observed velocity of the light pulse is different in different frames, thus violating

the second postulate of relativity. This tells us that Galilean transformation €qi

tions are not suitable to apply to fast moving particles (v - c)
Example 7 : :

h or dis S e .
transformation, 5 g _between_ two points is invariant under Galile®
Solution

LetSand §' be two frames. S be gt rest and §

¢ ¢
be moving with a speed v alo:
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the +ve x-direction. Consider a rod of length L in the frame S with co-ordinates
(Xys ¥1» 2y) and (X,, ¥,, 2,) with respect to S’ frame the co-ordinates are iyl 20)
and (x},y},2,).

The length of the rod with respect to S frame

L = J(Xg—xl)z+(y2—y1)2+(22~z,)2 e (1)
The length of the rod with respect to 8’ frame
L= S s A e e s S )
using  x' = x-wvt
we have x] = x, -wt
and X, = X,=Vt
Xo—% = TX,mX
using Vo =ay

y, = y,and y) =y,

Then y,-y = y,-y,
using 2 = Z
z, =z,
z, = 1z

G- = %,

Substituting these in eqn. 2, we get

o= \/(xz “xl)z +(Y2 —Y1)2 +(22 ”Zi)z
Thus L' = L Hence the result

Lorentz transformation equations

We have seen that Galilean transformation equations do not obey first postulate
and second postulate of relativity (see unit - I). Therefore Galiliean transformation
equations must be replaced by new ones consistent with experiment. These new
equations are called Lorentz transformation equations.

Consider two inertial frames S and S'. Let S be at rest and S’ be moving with a
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The simplest possible form of this equation can be
: x'=k(x-vt)
This is a linear equati
g e (7)
single to both the obse S0 since a single ev
postulates of rel:«.ltivityr}{te xfjillrlrl]:: C’?:Stant kis used in equationfzr’;t) f:; (;I;Ld fap l:]ea“
relative motion be ' a function of v, si . sty the
twee , since the diff : b
n the two frames. According to the ﬁr?;e;g etli Cta Usfd bli ;
‘ stulate the obs

vations made in the S
fi‘anm e :
a change in the si € must be identical :
¢ sign of v and having the same f:;jtg Osirlilad.e in S’ frame exceptl
eof k,

Here consider §'
S’ be at rest ;
and 8 be moving backward with a velocity v, a5

* ythe S’ fram 3 1
will appear a5 v’ €18 t. Therefore :
: the distance between the two i

ke
| O

z' = 7
: (10)
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< 1 L(x, Y, t)
"
0 o % :
= >
Figure 1.6
To find ¢’
Substitute for x’ from equation (7) in equation (8)
x = k{k(x —vt)+ vt}
x =k'x —k*vt+kvt’
kvt =x—-k*x+k’vt
e e oy i R TR R e (11)
kv

To find k

Consider again two frames S and S'. The observer in the S frame measures the

time t and the observer in the S’ frame measures the time t’ for a flash of light. The
observer in the S frame sees that the flash has moved through a distance

ey SR e e e R e B R e (12)
and the observer in the S' frame sees that the flash has moved through a distance
T dier et b BN S S et (13)

The velocity of light is assumed to be the same in both frames according to sec-
ond postulate.

Substituting for x’ and t' in equation (13) from equations (7) and (11) respec-
tively, we get

oI xA-K)+K vt
k(x vt)-c{ = }

Kvx—-vt)=cx(1-k%) + k’vte

Kvx—k*vt=c x(1-k?) + kK’ vtc
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12vx —c x(1-k2) = kK2 vt +k’ vtc

x[v—c (1-k¥)] = (K> v +k*ve)t 7 e (14)
equation 14 . 5 e (k2 v*+k’ vc)
equation 12 S £yl ok = c
kK2ve—c*(1-k*) =k* v’ +k*v’e
~g* 4 Kict = k2V:
k2c® ~ ki =c¢*
k2 (C2 L VE) :CB
2
kZ: C o, 1
cf—v'  1-v?/c?
Sl Uk
J1-v2/c?
Substituting the value of k in equations (7), (9), (10) and (11), we get
Rt YU .
: 1_v2 /Cz ...... (15)
His (16)
TS B R (R ot 17)
X(l———-l—*')
1-v*/¢? ) '

t'= +
=iV G

2
x(l—%q)
t'= ¢

"‘_V*‘(I—v"'/c"')Jr

L

t = —)‘.VZ/C2 ‘ .
= 2
Wi-v/c? V1-v?/¢?
2
¢ = —xv/c E ¢
VI-v2/¢? V1-v?/¢?
_ t=vx/¢?

i ST
TR R (18)
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Equations (15), (16), (17) and (18) are called Lorentz transformation equations.
The above equations can be written in another form

. X'+ vt’

e U AT a9
i, e e R e e e e 42 o 20)
o T R = 1)

_ t’ +vx'/c?

t

A=vie o0

Where v of the former equations are replaced by -v and we interchanged primed
and unprimed quantities. Equations 19, 20, 21 and 22 are called the inverse Lorentz
transformation equations.

It is now clear that the measurement of space and time are by no means absolute
but are dependant upon the relative motion between the observer and the phenom-
enon observed. When %<< 1, the Lorentz transformation equations reduce to the
Galilean transformation equations.

Example 8

At what speed v, will the Galilean and Lorentz expressions for x differ by 10%.
Solution

X =X—Vt

—V
x_xt

S
X =Xe :( 1 _IJ
g J1—-v%/c?

XL = Xg 10/ =71
_—.10 = —m— ).
But % ST TR
R s s
V1= /c?
1-1= - squaring on both sid

1—v2/c%
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0-21

0-21_ 21

o
T ) s I I b

CX=0,417 or v=0-417c¢
See the enormous speed required to have a change by 10%.

Relativistic kinematics
We found that classical mechanics obeys the Galilean transformation Whereas ip

reIan'vity it. obeys Lorentz transformations. This shows that in the realm of relativity
all Newtonian results need modification, there we develop the kinematics appropri-
ate to the Lorentz transformation. The Lorentz transformation equations and the; r

inverse transformation are

X'=y(x ~vt)
Y=y
=7
Lorentz transformation




relativity the main change is brought by the

o : Vi 2
factor 7. The variation of y with —isshown
c

In relativity the limiting speed is velocity
of light where as in Newtonian mechanics in
principle the limiting speed is ®. So if you
replace ¢ by «in Lorentz transformation
equations we get back Galilean transforma-
tion equations.

Example 9

Consider two inertial frames S (X, y, z, t)
and S'(x’,y’,z/,t"). §’ is moving with speed
vy relative to S along the x-axis. The origins
att=t'=10

Assume that v = 0.6¢ find the co-ordinates in §' of the following.

(ayx=4m, t=0s (b)x=10°m, t=2s
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A
3._.

0 = ] L
0 02 04 06 08 10

Figure 1.7

Solution
We have x'=y(x—vt)
x'=y(4-0)=v4
Y': ik oo 3 i m A
V1-v? /“c2 \/ll—-O.fizﬁ J0.64 0.8
c
Xmism
0.8
Using t'= Y[t = Y_’zi)
: C

el (0_0.6cx4
0.8 iy

c
0.6x4 2.4

=

T 08xc  0.8x3x10°
t’ =_—10‘SS
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I 9 i
2107 =0.6cx2)
b) K=y (x=Vt) %

[m" r().()x_?xl(f‘;_zzj
=] ————

0.8
8
X’:M-:Mo”m
0.8

vx)_ 1 [, 06cx10”
Using [:Y(t___c_z_J:b_g “_—(:—2—-

l 0.6x10°) 1
A 2— o 2_‘2
t 08( 3% 10° J 08( )

t'=0

Example 10

An event occurs in S atx =6x10°m and in S at x' = 6x10°m,t'=4s Find the
relative velocity of the systems.
Solution

X ?6x108m,x' =6x10°m and t'=4s-
Using inverse Lorentz transformation
x=y(x"+vt')
x +vt'

6x10° = 8x10° +vx4

V=i e

6x10°
Ry T Ly
6)(108 1+2C
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Squaring on both sides we get

2 41
I V;»I+-4X+——};f
c ¢ ¢
LA .
(20 > ¢
VQ
s e = T e
c? c
,_51:4
C
4 4x3x10°
V==——(C=————
5 5

v=-24x10"ms™

Simultaneity

We have seen that space and time are relative in its nature. One of the most
important consequences of this nature is that simultaneity is relative. The events that
seem to take place simultaneously to one observer may not be simultaneous to an-
other observer in relative motion and vice versa.

Suppose that two events take place at same instant at two different positions x,

and x, in the frame of reference S. An observer in the frames S’ moving relative to
S would measure the instants at which the two events occur as

and v e s b L o (2)

eq (2) - eq (1) gives
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t,—t = v

he S frame. Since the events take Pl
¢

rval measured in t
=0.

. i inte
_t, is the tme 11
ot tto S frame & =t

simultaneously with respec

"—;' (% —%2 )
' [
tz = t[ . VZ
1 —_—
C2
the time intervals of two events with respecy,

This shows that t; —t;, which 18
zero. Thus the observer in the S' frame concludes that events are p,,

J s not
S' framei s in one frame are not sipy,

simultanéous. i.e. The two events that are smultaneou
taneous in another frame of reference.
In other words simultaneity of events is relative.

(see examples 9 and 10)

The order of events: Timelike and space like intervals
Consider two events A and B occur in space. An observer in the S frame mes

sures the co-ordinates of A and B as (x,, t,) and (}.(B’ ty)-
With respect to the S frame, the events are separated by a distance say L

L=x§"xA

and the time separation of the events be

| T=t-t, |
Assume that X;> X, and t>t,, sothat L and T are positive.
Suppose these events A and B are observed by observer in the S’ frame movié

with a speed v along the positive X-axis. Let X, , t) be the coordmatcs of eventh
and X, tz be the coordinates of event B with respect to S’ frame.

The
space separation between the two events A and B with respect to S' frame i
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Using Lorentz transformation equation

x'=y(x—vt)
we get Xy =v(xg —Vty)
and K = (%, —VE,)

L' ZY[(XB _X-A)'"V(ta_t,q)]
But Xp =X, =L and tB_tA=T
Thus, L'=y(L-vT) © Y s (1)

Similarly the time interval between two events A and B with respect to S’ frame

is
[ r
T =ty —t,

Using t'=y(t—vx/c?)

. ’ X,
we have (=Y IB-V?*
' Xa
and tA:Y tA_v‘_z_ .
c
. -’ B v

T =y|(tg—t, —?(XB—XA)

( v
or T =y|T-=L R .3

. C

If L > cT, equation (1) shows that

- L' is always positive '
If L > cT equation (2) becomes
S T'=y|T-2x>cT

02

of T'=y| T->T
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Depending upon the value of v, T' can be positive, zero or negative.

When the space mtervals is positive and the time interval is ‘positive, zero or
negative, then the space-time interval is called space like. For this to happen - L’
must be greater than cT. In a space like interval it is possible to choose an inertial
system in which the events are simultaneous. Eventsin § frame simultaneous meang

. v _aT
T'=0. This gives T=—L or v=¢—.
c L

If L<cT, equation (1) shows that L' can be positive, negative or zero. But
equation (2) shows that, T’ is always positive. That is when the time interval is
positive and the space interval is positive, zero or negative, then the space-time
interval is said to be time like. In a time like interval it is always possible to find an
inertial system in which the events occur at the same point.

Lorentz length contraction

The length of a body 1s measured to be great-
est when it is at rest relative to the observer.
When it moves with a velocity relative to the -
observer its length is contracted in the direction
of its motion where as its dimension perpen-

LB
dicular to the direction are unaffected. D
Proof '

Consider a rod lying at rest along the x'—
axis of the S’ frame which moves with a veloc-
ity v in the positive x- direction. Its end points

Sl

—

<

O'
Figure 1.8

are measured to be at x, and x; so that its

Iength.
L, =x, X%, . e
An observer in the rest frame measures the points as x, and x, . The length L as
measured by the observer in S is
L =x,-x, L s (2)
From the first Lorentz transformation equations we have '

’ X—vt

VI-vy?/c?

X =




Special relativity 31

X, —vt
x;= 1 12
J1-v?*/c

o = X, —Vt,

S -v?/c?

' ,_(XZHX])—V(tz—'tI)
So that 5= \/l_vzlcz

But the measurement of length involves the simultaneous determination of the
spatial coordinates of its end point whether it is with respect to an observer at rest or

in motion i.e., t, =t,.

X, —X
vi-v?/ct

Substituting for x; —x; and x, —x, from equations (1) and (2) we have

' r_
X, — X, =

L
L=l
v
or L=L,V1-v?*/c?
Le., L <L,.

This shows that the length of a moving rod appears to contract from its rest length
in the direction of its motion. This is called Lorentz - Fitzgerald contraction. This
contraction is appreciable only when the velocity v is comparable to the velocity of
light c. Even then it has been verified experimentally several times.

When v=c,L=0

This shows that it is impossible to impart a velocity equal to that of light to a
body. It is due to length contraction a fastly moving ring appears to be oblate in
shape (ellipse), sphere appears to be an ellipsoid, a cube appears to be a parallelopiped
and so on. .

Example 11

The length of a space ship is measured to be exactly half its proper length. What
is the speed of the space ship relative to the observers frame.
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Solution
We have

L=L0 ‘1—V2/02

Ly o
=— en
L= > giv
.LO

'—2""=L0 1—V2/C2

' L =+/1-v?/¢? Squaring on both sides
2

b ﬁ:o-sas

2
v=0-866¢ = 2-598x10°ms™
Example 12 ; ‘

A circular ring in x -y plane moves parallel to the x- axis. What should be its
velocity so that its area appears to be half the stationary area.

Solution

Area of the ring =nR},R, be the radius of the ring. As it moves along x-direc-
tion, its radius along x-axis suffers contraction. As a result the ring assumes the
shape of an ellipse with semi major axis R, and semi minor axis R

Area of the ellipse =R R

As this area appears to be half that of ring
we have '

nR? R
RR= 0 =__0.
R, > R 5

using . L=L,v1-v?/c® with L,=R,,L=R =

Do
2
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&ZRO\/I—VZ/CZ

2
1= J1-v?/c* squaring on both sides

+=1=-v?/c?

%c =0-866 c=2-598%x10*ms™!

V=

The orientation of a moving rod

Consider a rod of length 1’ lies in the §' frame making an angle §'. The frame

S'is moving with a velocity v along the positive x-direction. Here our aim is to
calculate the length and orientation of the rod with respect to an observer in the S

frame.
Y Y’
— v
S
SI
» X — X’
Figure 1.9

From the §' frame, we have
L' =L'cos®’
and L, =L'sin®' |

!

L,’ = tan ' | (1)

X

.,‘-
{15
FEL

‘TQX’ i
i J; Firtin a¥e

1y

.W
-

i

SR

]
i
;“,!
w3
4
=
il

=y
B

A it i

v
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Let L be the
5 the S frame. Then
- L =L cos®
s and L =L sin 0
— L}, 8
I,: =tan9o e (2)
Using L=L,J1-v*/c’
L =L ~1-v?/c?
and L, =L} (no contraction along y-direction)
L_ L
L. L
- L, :
substituting for o and T from equations 1 and 2 we get
tan @ =1y tan 6’
or 8 = tan(ytan 6') : e (3)

To find the length of the rod, we use Pythagorus theorem
=12 +12 |

2
2

2 -2 12
L= Ly fl- | +1

or L2 =(L' cos0'vV1-v*/c?)? +(L’ sin0')?

2

[?=1"%¢os? 9'(1 _Evi' +L"%in% @’

2

2 _ 112 v
L =L"| 1-—cos* 0’

C2

ength of the rod and @ be the orientation of the rod with respect ¢,
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1

vio LY
L=L' [I—C—zcos B] ..... (4)

Equation 3 says that the angle measured by an observer in the S frame appears to
increase and equation 4 says that length appears to be shortened with respect to S
frame observer. See examples 13 and 14.

Example 13

A space craft antenna is at an angle of 10° relative to the axis of the space craft.

If the space craft moves away with a speed of 0.7c. What is the angle of the antenna
as seen from the earth.

Solution
9'=10°
v=0.7c
Using 6=tan"'(y tan®’)

v} L _ 1 4003

\/ v J1—07 st

1——
C2

0 =tan'(1.4003 tan10°)

0 =tan™'(0.2469) = 13.86°
Example 14

A light beam is emitted at angle 6’ with respect to the x'-axis in S'. Find the
angle @ the beam makes with respect to the x-axis in S

Solution

Y Y'
— v
&é"
¢Q
S ] e
S
> X g X'

Figure 1.10
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Assume that the light wave starts from the origin O'. After a time t', the Ky

coordinates of light pulse are
x' =ct' cos '
and y' =ct'sin @'

with respect to the S frame the coordinates are

x =y(x'+vt') =yt'c (cos o'+ i)
c

t=ﬂ'(l+icose’) - :
c ) . . A\

From the S frame we also have

yt'c (cos 0+ Y—J
C

X
cosf=—=
ct v
. cvt’[l +—CO0S 6’]

X =ct cosO

C

(cos 9'+XJ
' c

or 0= cos'l
( 1 +Xcos G’J
g

Time dilation
e ding. to relativity time intervals are affected by the relative motion betwee!
g?tll?zs;' é;g;i;diri;w; inertial frames S and . Let S be at rest and S’ be moving
cide ie. t=0,t'= e positive x-direction. To begin with let the two frames coil
times .tf- and t: tas— n%t;;heﬂ o v oeent at any given point x’ in frame § ¥
S ]3 - S_on the c.lock ca?rne(.i by itand times t, and t, asnoted on the
y frame S. That is the time interval between two events as noted
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the clock in the moving frame S’ is t; —t; = At, and time interval between same two
events as noted on the clock in the rest frame S is t, —t, = At.

Using Lorentz inverse transformation

' +vx'/c?

= ———
1-v?/c?
t+vx'/c?
f, =

1-v*/c?
_tvx'/c
J1-v?/c?

r r
tz—tl

oJ1=vRre?
At'

—_—

J1=v?/c?

ie., ' At > At

t, =
t,—t
At=

That is an interval of time observed in the rest frame is longer than in the §'
frame. This effect is called time dilation. This means that a moving clock runs slow

with respect to a stationary clock. Remember that smaller time intervals means moving
slow.

When v —c¢c, At >0

That is, the passage of time and also the process of aging will be stopped. This
explains what has come to be known as the twin paradox.

Example 15
A particle with mean proper life time of 2x10™s moves through the laboratory
with a speed of 0.99 c. Calculate its life time as measured by an observer in labora-

tory.
Solution

At'=2x107%s
v=0-998¢c
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. Al __2x10° 394107,
L.\mg V2 1—9982

Example 16
Consider two identical twins of age 25 ycars. One remains on earth the othe,

travels within a space ship with a velocity —\gc. After 25 years elapsed on earth,

traveller returns. Then what are their ages?

Solution
V = ﬁc
2
At =25 years
At'=7?
Using At=—BL
I—v'/c?

AU = ATV /¢ =251 mg = 12-5years.

Age of the traveller =25412.5=37.5ycars.
Age of one who stayed on carth = 25425 =5() years.
Example 17
A particle with a mean proper life of 1 ps moves through the laboratory at
2-7-10"ms ™. What will be the distance travelled by it before disintegration,
Solution
v=2-7710"ms"’
AU =107

i A[' ( f
Mt 2310

Wl =viie ,_(zmo*‘”
3x109

Dictance travelled « — B .
ravelled x = vAt=2-7x10"42-3%10* = 620 m
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Proper frame, proper length and proper time

The inertial frame of reference in which observed body is at rest is called the
proper frame of reference. The length of a rod as measured in the inertial frame
in which it is at rest is called the proper length.

In the relation I =L I1-v* /¢’

L, is called the proper length.

Like wise the proper time interval is the time interval recorded by a clock
attached to the observed body. The relation between the proper time interval At,

and non proper time (At) is as follows.

A
At= ——'—T“ —

Ji=vi/et

Proper time interval is an invariant quantity in relativity.

Muon decay

The time dilation cffect can be indirectly verified by the fact of p' mesons reach-
ing the ground level. These elementary particles are produced in the upper atmo-
sphere as a result of collision of cosmic rays with the air molecules. Though they
move with different velocities the Faster ones among them have a velocity of 0.998 ¢,

These particles can travel a distance of

x=vt=0-998cx2x10° =600 m

where t=2x10 s is the deacy time of p mesons. These particles are produced at
an altitude of more than 10km above the surface of the earth can hardly reach the
surface of carth. But a large number of mesons reach the carths surface. This is
because of time dilation. The decay time 2x10 s is the time with respect to their
own frame of reference. i.e. with respect to a person on the carths surface this time
will be dilated. Using equation

A _ A‘C” _ 2)‘(1()-h
-c_ bl bl - o b
JI=vi/er J1-(0-998)}

=32x10 s

1.c. more than 16 times than in their own frame of reference. In this much longer life
time, they can travel a distance

~].’|# : ",; !

el A ) A B
/
|

|
it
i
'.

e

) Sy AT ] O &
= ¥
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X :w=0-998x3x105x32x10"’

=10km

This explains the presence of mesons near the surface of the €

verifies the time dilation effect.
Role of time dilation in atomic clock
Now 2 days atomic clocks are used as standard references to measure unit of
length(metre) and also unit of tme (second). This is because atomic clocks have
several advantages. They are easily accessible, invariable and highly precise. Here
we talk zbout the measurement time and time dilation effect.
When an atom jump from an higher state to lower state it emits radiation with

arth and indirect]}-

AE  1.6x107" ;
= — =10"Hz. If AE is of the order of
h 6.6x107
electron volt. light emitted is in the optical region.
When the energv change is very small the emitted radiation is in the microwave

d=finite frequency given by v =

rezion (u=10""Hz).

These microwave radiations can be detected and amplified electronically and
need es our standard reference to govern the rate of an atomic clock. Atomic clocks
zre highly precise. Then precision is of the order of I part 1% . This means that, for
example, two maser clocks run for 33,000,00 years, they commit an error of ]
second.

Each atom radiating at its natural frequency serves as a miniature clock. Atoms in
z gas are in random motion so these clocks are not at rest with respect to the rest
(Lzboratory) frame. As a result the observed frequency as shifted due to time dila-
tion effect. Hence we calculate the effect of time dilation.

Consider an ztom emitting radiation of its natural frequency v, in its frame. The
observed frequency in the Iab frame is v.
1

Using v, =—
s b At,
and U :i
At
or L At
v, At




2
v P - 5 ) .
U=uy, \/1 ——, Using Binomial approximation

)

o2
W2 2
( V2 |( 1v”
U=U0‘i1_—2! = Vg I—=—
{ [ ) \ 2:¢ )
) v-u, 1v*
v, 2¢t

0

1.€., — = S e

Multiply numerator an denominator by m, the mass of the atom.

v 1mv?

2
v, 2 mc

. . 1 ’ -
According to kinetic theory of gases —z—mv:a 1s the kinetic energy of atom due to

thermal motion. According to statistical mechanics

lmv2 -—-ikT
2 2

where k is the Boltzmann’s constant and T is the temperature in kelvin.

oL 3kT

substituting the value of k =1.38x10"2JK"!
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B -1
m —1.67x107kg and ¢=3x10"ms

S —3x1.38x107xT
wegel LT 3x1.67x107 x9x10°

8 _ _1377x107°T

Yo

This shows that in order to have an accuracy of 1 partin 10'?, it is necessary that

ure measurement of the radiating atoms should have an accuracy of one

the temperat
o for an accuracy of 1 part in 10, T should have an accuracy of

kelvin. If we g
10-.3 K_ It is an herculean task to achieve this.

Relativistic transformation of velocity
Suppose a particle has a velocity u in the rest frame its components along the
three coordinates are
dx dy dz

]

and its velocity in a frame of reference S’ moving with a veloci
along the positive x- direction is u’, Its components are

ty v relative to §

]

' dx’ ' dy ' dz’
x99 g =52
2 ar’’ I.Iy ar and u, ar’

We will see that how these component velocities in the two frames are related to
each other. From the Lorentz transformation equations we have

u

, X —Vt . , . t—vx/c?
X'= L y'=y, 2=z, =2
1—V2/C2 \/]—Vzlcz

~ Taking the differentials of above four equations, we have

, dx—vdt
dx' = —2——
§ 1-v/c2 (1)
dy’=dy (@)
dz' =dz 3)

dr = dt=vdx /¢’

Jvi1e e (8
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dx
equation 1 . dx’  dx—vdt (d_t v)
— . T glves ——F = .
equation 4 dt vdx v dx
de-5= [1-Y.E%
c” c® dt
; u, —v
ST . e (5)
]——x
CZ
dy 2 2
' / 2,2 ——1l-v°/c*
equation 2 . d_y’:dy ¥ /C2 —dt
equation 4 g dt dt —vdx/c - dezld[
C
. uN1=v?/c?
u =
Y [ UsV : ()
CZ
) , uA1-vi/e?
equation 3 ives u, =—=
equation 4 © Ly 7)
e
Equations 5, 6 and 7 are called velocity transformation equations.
The inverse velocity trasformation equations are
y = ul +v
x 1+ U;V /C2 ...... (8)
u,V1-v?/c?
u, = -
’ 1+ 9)
c
y 2 wNI=vire?
o (10)
CZ

To see that velocity of light is invariant under the relativistic velocity transforma-

tions, let us consider two photons A and B approaching one another as shown in
figure.
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s §
A ¢ cC—0B
O I | P
O
Figure 1.11

We have to calculate the velocity of photon B with respect to A. For this consider
an observer in the rest frame S. Let another observer sitting on photon A which is

considered as the moving frame §'. i.e.S’ frame is moving with speed c. IfBisa
photon observed by the observer in the rest frame S. Then u, =—c and v=c¢

The velocity of the photon B with respect to A

u —-v —c—C

u,. = - = =—C
u,.v CxX—C

1— 1-

c Cc

ta

Let us now consider two photons A and B moving in the same direction as shown
in figure below.

S S’
A »C B ocC
0]
_> Ol »
Figure 1.12

Proceeding as described above, we have

ul=c: V=
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O
0]

This is indeterminate. To determine the value of u; , we take the limit of above
equation with v —¢.

Using L’Hospital’s rule, we get

d

—) E(C—V) f— _1 =C
af_v) 1
dv c ¢

Vv=c¢

This is in well agreement with the second postulate of special theory of relativity.

The relativistic velocity transformation equations were tested experimentally by
T. Alvagar at CERN. Alvager used a beam of protons of energy 20 GeV. The pro-

tons bombarded a target to produce neutral pions (n°) of energy more than 6 GeV.

m° decays into two ¥ -ray photons. Alvagar determined the velocity of y -ray pho-
ton moving in the forward direction. The velocity of y-ray photon in a frame at rest

with respect to n° (i.e. §' frame) u, =c. The velocity of =°with respect to
§=0.99975¢

Velocity of y-ray photon with respect to S frame -

. u +v _ c+0.99975¢ B

* Y 0.99975¢>
R T

I+—=-

2

C c”
The experimental measurement was carried out by measuring the time taken by
the v-ray to travel between two detectors placed 0.3m apart. The experimental

value was in excellent agreement with the velocity calculated using relativistic ve-
locity transformations.




46  Relativistic Mechanics and Astrophysics

= i Example 18 : - opposite directions, each having,
= leave a radio active sample in Opp :

| T: (()) Zl";(cm\::tllsl ::;pect to the sample. Calculate the speed of one electron With
speed 0.67¢

respect to the other (i) classically and (ii) relativistically.
Solution

Consider one electron as the S-frame, the sample as the §' frame, and the othe;

= electron as the object whose speed in the S-frame is to be determined. Then
- o' =0.67c, v=0.67c.

Using inverse velocity transformation equation we have

u'+v
u=—
1+—-
CZ
_ 0.67c+0.67c .
~ . 0.67cx0.67c .
14—
c
1.34c
| u= -i-'g =0.92¢c
According to classical relation (Galilean velocity transformation equation)
u=u'+v
u=0.67c+0.67c =1.34c
Example 19
Two photons approach each other. What is the velocity of one photon with re-
spect to another.
; Solution
| Here u'=cand v=c¢ -
B using e u’+v= c+c =2c_:=c
. uv 2 2
§ I+— 1+5
P c c
f Example 20
|
i

If a photon traverses the path in such a way that it moves in x'-y" plane and
- makes an angle ¢ with the axis of the frame §', then prove for frame S
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u, +uf =c’
Solution
u, =ccosb
and u; =csinf | B1Ven

using
and

ccosO+v -

We get u, = - . (1)
1+ Ecose

1+~cos |
c
Squaring and adding eqs (1) and (2) we get
2

i v

, c’sin’@ 1-—

2, .2 _ (ccosO+v) c
=

u; +u . 5 . >
(1+Ecosej 1+-Ec059 _

2, .2 _ €' cos’0+v2 +2vccosB+c?sin®O—vZsin2 0

ul +ul 5
v

1+—cosBJ
c

2 2 € +v*+2vcosf—vZsin? @
uf +u = .

v
1+—cosH
C
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P : : 2
& +v2+2vecos§—vi(1—cos”6)

ag e :
u; +uy = 3 . 2
‘ o 1+—cos0
e c

_ s
, c*+2vccosB-+v cos 6

y 2
(l+icose)
v
: - i S
. (1+—c—cose+ cos’ 0

+uy = ‘ IR

(1+Xcose)

! c

2 -
c? (1 +—cos 9) ‘ <
%5020 = 2 _

u +u

u; +|.Iy = = 2 =C
[1+—c059)
c
Thus ul +u) =c’ -

Example 21

Two velocities 0.8¢ each are inclined to.one another at angle of 30" Obtain the
value of the result S

* Solution
. r
USiﬂg ' ux =. u"‘ +’V
- L {0V
+ 2

u; =0.8cxcos30 and v =8¢

0.8ccos30+0.8¢

X "1+ 0.8ccos30x0.8¢c
¢t

We get ‘ i 0.960

=
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2
3 , v
o - . =“>' -5 _ 0.8¢sin30v1-0.82
Y ulv 0.8ccos30x0.8¢
1+'—2— 1+ —3
c c
=(.15¢

‘ u=Ju +u? =,/(0.96c) + (0.15¢)* =0.97¢
Example 22

Two rods having the same length [, move lengthwise towards each other parallel

[0 a common axis with the same velocity v relative to lab frame. What is the length
of each rod in the frame fixed to the other rod.

Solution ]
‘; > v
.
Vg :3
Figure 1.13
Velocity of A with respect t, B,
_ VaHtVy V+y
Vas - v,V n \,r2
C c2
2v
v =
AB v2
1+—
c

The length of the rod as measured by B is




Speed of light in a medium .
Consider a tube filled with water at rest. The velocity of light in the water with

respect to laboratory frame is E-, where n s the refractive index of water. Recall that
velocity of light in vacuum

velomty of light in medium

Suppose the water is flowing through the tube Wlth speed v. Then what is the speed
of light in moving water with respect to lab frame?

Using velocity addition formula, we have

!

u'+v i : ;s : |
———, where ,u’ is the velocity of light with respect to water

1+—-

u=




" —E(“"“EJ(“"J

using Binomial approximation to the last term, we get

(
u=S 1+-1J(1-l)
n\ ¢ nc

cf. nv v 2
u=—|1 —————
n{ ¢ nc c
2
Neglecting , we get
o nv v
u=—|14———
n c nc
c v
or ll—_———+v——2
n n
c 1
or u=—+ 1‘-—2-' A"
n n

This shows that the velocity of light in moving water with respect to lab frame is

increased. In other words light appears to be dragged by the water by a factor 1— -

Special relativity

times the speed of water. This effect is entirely due to relativity.

The Doppler effect

51

n2

C.J. Doppler in 1842 observed that whenever there is a relative motion be-
tween the source of sound and observer there is an apparent changes in fre-

quency of the source of sound heard by the observer. This phenomenon is called

Doppler effect.

Doppler’s effect is easily observed by a person standing on a platform when an
engine sounding horn passes by. It is observed that the pitch(frequency) of engine
appears to increase when the train approaches the person and appears to decrease
when the train receeds away from the person. Though Doppler’s effect is most com-
monly and easily observed with sound waves, all types of waves including light
waves exhibit Doppler effect. Here we discuss Doppler effect in sound as well as in

light waves.
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Doppler shift in sound . -
(l',,‘pnsider a source of sound S and an observer O. Let v and w be the velocitieg o
“the s?)urce and sound respectively. L be the frequency of sound from the source,

v : \ wr @ j
S - .
| I: o -
. Figure 1.14

In time t the sound travels a distance of wt, consider the sound as a series qf
! 1
pulses separated by a time t=—. G ,
L : 5 :
If L be the separation of two pulses, then the number of pulses reaching the Qb
server ' '
_ Distance travelled
N pulse separation

_wt

L

The number of. pulses received per second = -E—

The number of pulses received per second by the observer is the frequency heard

by the observer. it is denoted by '
' i-e, =
L
Now we can calculate L.

To determine L, consider a pulse emitted at ¢ =() and the next pulse emiftted 4
t=17. During this time < first pulse travelled a distance of wr and the sour
travelled a distance of vz,

- Then distance between the two pulses,

L=wi-vi=(w-v)r
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18]
Ul__‘_”____ w _ w
L (w—v) wW—v
v
r
or U=V
\'
1-—

w
This is the expression for the apparent frequency heard by the observer when
source is moving towards the observer. Obviously v’ > v
‘When the source is moving away from the observer replace v by —v . Thus

here V' < V.

1+—
w

Now we consider a different situation where the source of sound is at rest and the
observer is moving towards the source with a speed v.

|

Figure 1.15

v

—

Since the source is at rest the distance between the two pulses, L =wt=—.
- v

In time t, the number of pulses received by the observer ot

. The number of pulses received by the observer in one second = w+v)

This is nothing but the frequency heard by the observer- (v').
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I

_(w+v)

ie. L

!

(W+v) _ U(w+v)
Substituting for L, we get v'= =

w/v w

v
U'=U(I+—]
w

This is the expression for apparent frequency heard by the observgr, when o},
server is moving towards the source.

When the observer is moving away from the source replace v by —v .

n U'—U(l—l
Thus = -

The Doppler effect in sound gives us an important information. That is, knowiny

v, vand w we can calculate V' from which we can tell whether it is the observer
source is moving.

If this result is applicable to light waves (relativistic Doppler effect) then we
would be able to distinguish between inertjal frames which onc is at rest or motiop,
This is contrary to the principle of relativity that it is not possible to distingujgh
hetween two inertial frames at rest and in uniform motion. To resolve this we £o for
relativistic Doppler effect,

Relativistic Doppler effect

Consider a light source ciitting pulses of frequency v in its rest frame L =

The source iy moving towards

—

S Ty
anobserver with velocity,

/ ,
N/ _
\'l ; / @:ﬁ%‘

o

Bulb L Iiye
| Figure 1,16
Itis duc 1o time il

ation, the period iy (he observers reg frame
T=y7q,

Is
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Since the speed of light is a universa] cons

tant, the pulse arrive at the observer
with velocity ¢

The frequency of the pulses observed by the observer is

!

C . : :
V= 7 where L is the separation between the two pulses with respect
to the observer.
Since the source is moving towards the observer
L=ct-vt =(c-v)t
, c c 1

L= =
(c=v)T (c-v)y1,

V' =uVl-v?/cl.

cC—v

or

; I+v/c
V' = UJ———-
I-v/c
This is the expression for the observed frequency. Obviously ' =\, as we expect
since the source is moving towards the observer.

When the source is moving away from the observer replace v by ~v.

i.c.,

Note: It may be noted that the relativistic Doppler frequency is the geometric mean
of two classical results.
Doppler effect for an observer off the line of motion

So far we considered the Doppler effect for a source and observer along the line
of'motion. It may not be always so. So we consider the general case.
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Consider an observer is at angle § from the line of motion. In thlS case the
parameter that get affected is the distance between the two pulses L.

When the source and observer are along the line of motion, we have

L=ct—-vt

Figure 1.17 a

when the observer is at angle @ from the line of motion, the distance travelled by
light is ¢t as before since light is pervading every where. But the distance travelle

by the source towards the observer is only vcos6 t. Thus

L=ct—vcosB t=(c—vcosO)T

o = c c
Using L (c—vcosO)yr,
2
v
1 - —
’ C2
L =V r
1-—cos@

c

It may be noted that @ is the angle measured in the rest frame of the observer.
When =0
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We get back our old re;ult. This is called the longitudinal Doppler effect.

: .
0=90°, v'=v, /1%
c

This is called transverse Doppler effect, a phenomenon not found in Doppler effect
of sound. It is solely due to time dilation. Doppler effect of light has been experi-
mentally confirmed by Ives and Stilwell in the year 1938.

Note: Comparing Doppler effect of sound and light we can see that both formulae

are the same to first order approximation in .. So in order to differentiate
¢

: 2
between them the effects of order v_z has to be considered, which is a diffi-

c
cult task.

Application of Doppler effect — Doppler navigation

Doppler effect can be used to track a moving body such as a satellite or a fighter
plane from a reference point on the earth. The
precision of this tracking is fantastically hi gh. For

example the position of a satellite 10°m away
can be determined to a fraction of a centimeter.
This method was effectively used in II world war
to locate enemy fighter planes.

Consider a satellite moving with a velocity v
at angle @ with the line of sight with respect to
the ground observation point. An oscillator on the
satellite broadcasts a signal with a frequency v
with respect to the satellite. Figure 1.18

According to Doppler formula the frequency
- v’ received by the ground station is

l—zcose
c

2 -
i v
Since v« ¢, —- can be neglected.
Cc

baal
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-1
v
o ——— = 0(1-——-0089)
v c -
1——cosB
c

v
ot v =v(l +-Ecos 0)

v
or u’—u=u:cose

oppler shift) can be measured from the ground station.
al to the one in the satellite, and by simple

t frequency) can be mea-

This shift in frequency (D
For this we keep an oscillator identic
electronic methods the difference in frequency v —v (bea

sured. ‘
Now we have to calculate distance of the satellite by knowing v'—v-
The velocity of the satelliteis =y f+v, §, when y =-£ and v, = r-gg h
r roodt t.
~ — dr -~ ”~ ’
So r-v=—rI.r~r
dt
dr . .
or —=1-V

dt
C
But v cosf=—(v'-v)
v .
dr ¢,
a0
dr
=) (V-
P

Where }, is the wave length of the pulse emitted from the oscillator.

Integrati ' ' i
grating the above equation with respect to time within limits t_ and t,, W
a 7
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ycles of beat frequency which occurs
in the interval t, —t_,

ie, L=, = AN,

TS Operate at a typical wavelength 10cm and since
the beat signal can be measured i
about lcm.
If the satellite and
‘tracking system can be used inw
then amplifies it and relays ba

double the Doppler effect there by increasing ¢
Example 23

ck to the ground station. This will
he resolution by a factor of two.

One of the most prominent spectral lines of hydrogen is H, line, abright red line
with a wavelength of 656.1x10% . What is the expected way

line from a star receding with a speed of 3000kms™ . |
Solution

elength of the H_

A =656.1x10"m, v = 3x106 mg"!
When the source is receding away, we have
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A= 1-vic
g = 1+vic
3x10°
Mt 3x10°
rL -9
A = 656.1x10 ___——~—-1_3X106
3x10°
\ = 656.1x10° }“’10'2
e 1-107
A = 656.1x107, [——
: ' 0.99
A = 656.1x107° x1.01
A= 662.7)(10_9111
Example 24

The H,_ line measured on earth from opposite ends of equator differ in wave

length by 9x10’m . Assume that the effective is caused by rotation of the Sumn,
find the period of rotation.

The radius of the Sun is 696.34x10°km A = 656.1x10°m

Solution ,
Let A/ be the observed wave length of H, line coming from A towards the ob-

server ‘
) . ) v A

’ 1~ &

ie., ll =A e =A 1—..‘.’_ I+X
1+v/c c - C ‘
! ) 2
A=A 1—%=K(I—E—J. ‘ B v
i Figure 1.19

Similarly 1 be the observed wave length of the line moving away from'B, W¢
get .3
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Ay = A(I+XJ
C
A=Ay = l[1+1]—l(1—l’_)
c c

A A =22 Y

‘ c

. c(A, —Ap)
20

V_3><10“><9><10"12
2%656.1x107

v =2.058x10°ms™-
Using v=Rg
v 2.058x10° 3

R  696.340x10° '

®=2.955x10° radians
2r  2x3.14

T=""=
@ 2.955x107°

T =2.125x10°%s

T = 2125x10°
60x60x24

T=24-59 days

Example 25

A rocket ship is receding from the earth at a speed of 0.2c. A light in the rocket
ship appears blue to passengers on the ship what colour would it appear to be to an

observer on the earth. A,, =470nm

days

Solution

v=0.2c, A, =470nm
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62 Relativis
Using A =h
A

A =470x107 x1.225
2’ =575.6mm The colour appears to bey

ellow.

Twin Paradox

Consider two synchronised clocks. nin a fast

One is kept on earth the other is take

moving space ship. If the fast moving clock is brought back to earth after along time
we can see that the time elapsed in moving clock will be less than the time elapsed in
clock on earth. This is because a moving clock runs slow. Actually there is no differ-
ence between a physical clock and a biological clock accordingly heart beats of a
person can be taken as clock. i.e. when a person moves with high speed, his heart
beat will be slower. If his age is counted with reference to his heart beat his age will
be growing slower. Here comes the twin paradox.

Consider two identical twins A and B, if A goes about at a high speed v in a
rocket and B stays behind on earth. When A returns to earth he will be younger than
B. In relativity situations are interchangeable. Hence we can assume that A is rest
and B is moving with velocity -v. After return B will be found to be younger than A.
That is each should find the other younger. A logical contradiction. i.e. a paradoxi-
cal statement. This is called twin paradox. This paradox comes because we assumed
that twins situations are symmetrical and interchangeable, an assumption that is not

correct. Thus there is no paradox at all.

Quantitative analysis of ageing of twins
The twin B stays on earth observes that A travels away a distance L in time

L
t= o where t is the taken by the twin A to tfavel forward with respect to B. After

;, twin A rapidly reverses his motion and returns with the same velocity. The time
or return trip is also t. If we neglect the time for turn around, the total time taken by

A with respect to B is t, =2t
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It is due to time dilation A’s clock runs slow as far as B is concerned. The time
measured by A for the round trip is

= J1-v?/c?

From this B concludes that A is younger.

Now we calculate the age of B as far as A is concerned. Twin A sees that B going

away for distance L with velocity —Vand return. This takes time t, =2t on’s clock
and A sees time t;; elapse on B’s clock, then

t'B=[—A=tA 1—¥
1 c

) Age of A [ 1
’ Age of B th

J1=vi/c?

From this A concludes that B is younger. This is the paradox. A thinks that B is
younger and B thinks that A is younger.
Example 26

A young man voyages to the nearest star, o centauri, 4.3 light years away. He

; ¢ ; c

travels in space ship at a velocity of e When he returns to earth, how much younger
18 he than his twin brother who stayed at home.

Solution

The time taken for the round trip t =

i
2x4.3xc %
years. s
v
=_2_X_i.2>_<£ =43 years

Using time dilation

"

t'=t 1—% =43 l~L

Cc
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v o2 =43x.97979
Y25

t' = 42.13 years

Age difference  =t— t/
=43-42.131

=().87 years
— (.87 x12 months
~ 10 months

i.e., the voyager is 10 months younger.

Relativistic momentum
Here we develop the dynamics of special theory of relativity. There are several

ways to do this. One approach is to develop formal procedure for writing the laws of
physics in a form which satisfies the postulates of relativity. We start with conserva-
tion of momentum, because this is one of the basic laws of nature. We seek what
modifications are required to preserve this principle in relativity. This will tell us we
must modify our idea of mass to preserve conservation of momentum in relativity.
Once this is achieved we can extend this to develop the entire dynamics in relativity.

Concept of mass and momentum in relativity

For this consider a glancing (oblique) elastic
collision of two identical particles A and B each Y

hzving mass m and move with velocity u in op- AT
posite directions as shown in figure. i
-~ - - - !
After some time particles collide and move v

u u

in opposite directions. Here we are going to view

the collision process (before and after) with two

special frames A and B. The A-frame moves with

z velocity same as that of the x-component ve-

locity of the particle A. Thus with respect to A

frame particle A has only the y-component ve- Fieure 1.20

locity of the particle A. Let it be u, . The B-frame -

;‘?{:ie: ;.;1 ta. ;erloczr: s;me as.ihat of the x-component ve]octiry of the particle B.
; rame. the particle B has x component velocity and y component

>

S
1°a ~ Y
vCIOCITY.

-
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The x component velocity of the particle B with respectto A =v

v is actually the relative velocity between the two frames.

From the velocity addition theorem, we can cal

: culate the velocity of the particle
B with respect to the A frame.

Using ' =" "~
y

Here u =u,, v=vandu =0

5 y=__1
i V1-v/c?
Since the particles are identical, their velocities are the same and the situations
are symmetric, we can write down the velocities of the particles A and B with re-
spect to B-frame. The x-component velocity of the particle B with respect to frame

A=u,

I

Thus u =

The x-component velocity of the particle A with respect to B-frame = v

u
The y-component velocity of the particle A with respect to B-frame —>
1

The velocities of particles A and B before collision with respect to A-frame and
B-frame are shown in figure.

A-frame B-frame
A A
A

A v
I.ID u
Yo - i

u — 4
° Y
A B B
—> -

Figure 1.21: Before collision

After collision the x-component velocities remain as such and y-component ve-
locities reversed their directions. If the y-speeds of particles in their own frame s '
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r

u . . 11 is depi .
hen the y-speed of other particle is —~. The situation after collision 1s depicteq ;,
then the y- ¥

re below.
e A-frame B-frame u'
A " u’ 0 Al Y
v
A
v B u,
v u'
Y o >

Figure 1.22: After collision

Our aim is to find a conserved quantity analogous to classical momentum. We
define the momentum as the product of mass (which is a function of particles veloc.

ity w)and velocity w.
ie p=m(w)w
where m(w) is a scalar quantity to be determined.

In A-frame the velocity of the particle before collision along x-direction is en-
tirely due to particle B. The speed of particle B with respect to A - frame is

1
% 12 \2

. . i |2 .
W=V +—2 | before collision. After collision A is W' =| v +“/_2 . That is be-

fore collision m is a function of w and after collision it is a function of v/ along x-
direction. Applying law of conservation of momentum along x-direction in the A -

frame.
Momentum before collision in the x direction in the frame A

= momentum after collision in the x-direction in the frame A
ie., m(w)v =m(w)v

Thus we get w=w’

Applying law of conservation of momentum along the y-direction in the A-frame.

Le., Mon"lcfntu.m before collision in the y-direction in the A-frame = Momentum
after collision in the y-direction in A-frame
. /
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s uﬂ r ] U’

i.e., ~mug)+m(w)—L=mu")y' - m(w')—

- 'Y ,Y
we proved that w=w

1
2\3 2
u r 2
V2+—0— =|v +__u2
7 Y

This implies that u° =y’
Re-writing the above equation, we get

—m(u,)u, + m(w)%‘lz m(uy)u, — m(w)h

u
o 2m(w)—=2m(u,)u,

or m(w) =vm(u,)

In the limit, when u, — 0, m(u,) — m(0) we call it as the rest mass of the par-

ticle denoted by m,.

w=|lv +—
We have 2

when u;, -0, w=v

- we have m(v)=ym,

or m(v) =

It shows that in relativity mass depends on velocity.,

Now we are in a position to get an expression for momentum.
p=m(u)u

m, U o
p:————?—-—-'ymou——mu.
1-u‘/c
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Velocity dependence of electrons mass

The effect of velocity on the electrons mass W
Bucherer and he verified the relativistic mass formu

perimental setup as shown in figure below.

as experimentally detected by
1a. For this he designed an gy,

p ]
S Pl 3
+|C I -~
R e g d A
i Al L — k
V= = ral ==~

-|C l - ~
l — E= -E i
B=-Bk

Figure 1.23

The whole apparatus is arranged in an evacuated chamber.

It consists of a source of electron A (radium salt) which emits [ -rays which hav

broad energy spectrum of the order of 1 MeV. These electrons are passed through;
velocity filter which can select a monoenergetic electrons. Velocity selector con-
sists of two parallel metal plates C connected to a battery V. i.e, electrons are sub-

jected to an electric field E(-E j). A transverse magnetic field B(-B ]E) is als

applied to the electrons. Now E, B and v (veloc-
ity of electrons) are mutually perpendicular. Now
the electric experience electric force gE and mag-

netic force q(vxB).

J'A

The electric force on the charge is E =qgEj

The magnetic force on the charge

Fm = qvf x—Bk

] ) ¢ Figure 1.24
E, =+qvBj

Adjust E and B such that the total force on the charge is zero. We have
F‘T = ‘F:: + l_:}m

When FT = 0, we get
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FF
or ——qEj=qV]
or _E

B

When the electrons experience no force they pass through the slit S undeflected

all having the same velocity v = E  Thisis the principle of velocity selector.

Beyond S only perpendicular magnetic field acts. When a charged particle q,
moves in a perpendicular magnetic field B, it moves along a circular path. The cen-
2

tripetal force required is supplied by magnetic Lorentz force qvB.

2

my
1.8 =qvB
P mv
or qB
using V= =
B

Radius of curvature r = %
Finally the electrons are allowed to fall on a photograph plate P. By reversing &

and B the sense of deflection is reversed. From the total deflection d, and using the
geometry of the apparatus, we can evaluate r. By finding r for different velocities,

the velocity dependence of T can be studied.
q

From his observations he found that iis not constant. - was found to vary

m m

. . b
with velocity. Since charge is independent of velocity, the variation of o can be
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attributed to vari

and drawn a graph between —=—
mD

m by
1-v2/c?

and ~ using his experimental data. On the same graph

Cc
m v .
he plotted ——  versus = — using
m, c :

m = m,v1-v*/c?, surprisingly the graphs were one
and the same. '

ation in m alone, Bucherer replaced m/m,

1407

1.301

1.207

1.10T

1.00

} t + —>yje
0304 05 06 07

Figure 1.25

The variation of mass with velocity is shown in figure 1.25.

Vi-vire?

- 1
1- vi/e!

Example 27
Find the velocity at which the mass of a particle is double its rest mass.
Solution '
m = 2m, (given)
using UL, B
Ji-vi/c?
2]]'10 = _..En—.o—-
Vv1-v?/c?
9l squaring on both sides
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By
2 ¢
v.=%—§c=0-866c:0-866><3x108

=2-598x10°ms™
Example 28
A man weighing 60 kg on the ground. When he is in a space ship in motion his

mass is 65 kg measured by an observer on the ground. What is the speed of the space
ship.

Solution
m, =60kg
m =65kg
| _ay
Using —\/l—vzlcz
1-Y 6
7 ~g5 13 Squaring
1 v? _ 144
c? 169
_144 _ v
169 ¢?
25 _v
169 2
S_y
2137 ¢
TR TS, [ o
v—13c 13><3><10 13><10

v=1-154x10"ms™.
Mass - Energy relation

The kinetic energy K of a particle is defined as the work done by an external force
in increasing the speed of the particle from zero to some value v.
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ie., sz'ﬁ'di
0

dp _ d(mv)

—_—— T —

But F=3t="a

v d —v .-d—x-=v -
K= _([a—t-(mv)-dx—!d(mv) m E[d(mv) v

K=j(mdv+vdm)-v=j(mv dv +v3dm) (D)
0 L]
(Here m and v are variables)
. mo u . )
Using m = Y squaring and rearranging, we have
-vilc

m?(c? -v*)=m;c’

Taking the differenitials on both sides, we get
2mdmc? - 2mv*dm —2m?vdv =0
c’dm-v’dm-mvdv =0
mvdv+v’dm = c’dm

Using this, equation (1) becomes

K= Tczdm

‘Mg

where m, is the mass when velocity is zero and m is the mass when velocity is v
2 mo__ 2 2
K=c"[m]7 = mc” —myc

oo  K=(m-m,)c’.
It shows that change in mass is related to kinetic energy. i.e., Kinetic energy is

defined as the product of increase in its mass and c®. When the body is atrest K =0.

Le,, mcz___mocz =O.
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This shows that each term on L.H.S. should represent energy according to the
principle of homogeneity of dimensions. Since m,c® does not involve velocity of

the body it should give energy associated with the particle at rest. Therefore m,c’
should be the internal energy of particle.

.. Total energy of the particle E = K +m c?
ie., E =mc’ —~myc? +m,c?

E =mc’

This shows that mass and energy are interconvertible and proves to be universal.
The best examples of conversion of mass into energy are the nuclear fusion, nuclear
reaction processes and phenomenon of pair annihilation. The best example of con-
version of energy into mass is the phenomenon of pair production.

Example 29

Calculate the energy equivalent of 1kg of coal.
Solution

m=lkg
using E=mc’=1x(3x10°)? =9x10"]J
Example 30

Prove that when % <1, the relativistic kinetic energy becomes the classical one.

Solution
We have relativistic kinetic energy

m,

K =mc* -m,c?, using m= ——
: Vi-vi/c?
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2 vt | Voo
K=myC ( “'gz‘ —, when —C- <<

vi)’ v
| =l4+—7
[1-5) 1430

2
v
K =m,c’ 1+5?-—1

2

2

1 2

K=m,c .2‘4' 2 :Emnv
C

This is classical kinetic energy.

Example 31
Find the velocity of a proton having kinetic energy 900McV

m, =1-67x10""kg.

Solution
Kinetic energy,
K =900MeV =900x10%V =9x10*x1-6x107"]J

=9x1-6x107"" T =14.4%10"""]

using K=(m-m,)c’?

14-4x10™" = (m~-m,) 3x10%)°

=11

or m=m,+1:6x107 =1.67x107 +1-6x10"" =3.27x1077".

m,

Using m=—o
Vi-v?/c?

3.27x1077 = 1:67x107
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=0-51

[—v/e? = I-67
3.27

. 2
Squaring, |_‘-’_2L_ 0-26
c

(=]

\4

—=1-0.26=0.74

o

or =0-86

o<

v=0-86¢=0-86x3x10"
v=2-58x10"ms"-
Example 32

Calculate the increase in mass when lkg is moving with a velocity of 0.9 c.
Hence find the kinetic encrgy.

Solution
m, =lkg; v=0-9¢
; m [ 1
using m = 0 = =—
Vi-viret J1-0.9*  J1-0-81
m=—L_ =2.204kg
0-19
Increase in mass =m-m,

=2.294-1=1-294kg

Kinetic energy K =(m-m,)c?
=1.294x (3x10°)* =1-294x9x 10'¢
=1-165x10"7J-

Relativistic energy and momentum in an inelastic collision
Inelastic collision in Newtonian mechanics

Consider two identical particle each of mass m, moving with same velocity in
opposite directions. After collision they stick together.
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Ao———->u 4———3 Zm
OO
After collision

Before collision
Figure 1.26

tum

According to law of conservation of momen
ion

Momentum before collision = momentum after collis

mu —mu = 2mv
0=2mv '
This implies that v = 0. i.e., after collision particles stick together and comes to

rest
Total kinetic energy before collision

1 1 :
= -é—muz +—mu® =mu?

Total kinetic energy after collision

= l21'1'102 =0

2
This shows that during an inelastic collision energy is lost in the form of heat.
This will not occur in relativity. We shall see to it.
Inelastic collision in relativity
Consider two identical particles each of rest mass m,, moving with same veloc-
ity u in opposite directions. After collision particles stick together. In relativity we
have two inertial frames S and S'. S is at rest and S’ is moving uniformly. We

analyse the collision with respect to S and S’ separately.

In S-frame
S . S
m' - rest mass
2m’
m gy u m
Oo—>» «—0 Cx)
A B
. Before collisi
/ iston . Aftercollision
Figure 1.27
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2
—2me? = 2m,c
s
c
The total energy after collision —9p'c?

As no external work has been done on the particles
Total energy before collision = Total energy after collision

p:
_ 2m,c 2
ie., = <me )]
u
1-—%
c
m =—to
or u?
1-—
€
i.e., m’ >m,

This shows that final rest mass (m’ ) is greater than the initial rest mass. Unlike in
Newtonian mechanics, in relativity the energy is not lost as heat but used to increase
the mass according to mass-energy relation. In other words we can say that in rela-
tivity total energy is always conserved.

In §'- frame
Let u be the velocity with which §' frame is moving along positive x-direction.
. The velocity of the particle A with respect to S’ frame = 0
The velocity of the particle B with respect to §' frame

u+u 2u
V= - = >
u
1+_2 1+—2

c C

After collision the particles stick together and move with velocity u with respect
to S’ - frame. Situations are shown in figure below.
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l s' ) frame
f LU -—>u
__2u m' = rest mass
i {E )i uz
i B - I+ P

i A v B c . m

Rest :
Before collision After collision

Figure 1.28

According to conservation of momentum
Momentum before collision = Momentum after collision

e 2m'u
VJ1-u?/ct
i mgV 2m'u s
r =
\/ V_z \ﬁug . e (2)
= c? ' cz : :
! ' 3 .
2
u
' 1+— | ¢ —4u?
1_V_2 1 (2u)’ c?
c? 2\ 2
u 2 u?)
1+T c 1+—2" C
¢ c
2 4 :
u° u
(1+2"5‘+—4 cr—4u?
B ¢t ¢
2
2
u
| c
g4 31
{11 2 y
{ 2 I
| T A
o
{ u2 :
1+—2' [

S




2 4 2
u u
2 1—2—2+u— 1—'_7_
-y _ e ¢t _ c
c2 uz 2 u2 2
1+‘-'T 1+—2
C c
2
1+—
v | 2u c 2u
Rite 2 - 2 2 . 2
v u u u
1-— 1+— 1—— 1-=
c? c c c
put this in equation (2), we get
m 2u . 2m'u
0 u? - N
l-— J1-=
< &

or

we get back the same result in the S-frame. Thjé shows that S and §' frames are

identical. )
Now we apply law of conservation of energy.
Total energy before collision = Total energy after collision

me?  2m'e

; ' 2 _
ie, : mec” + =

- Special relativity
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i e

ekttt e b St R 2
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=20 _ e got back again the same result. Thus estab

or e
v

-z
c

lishes the fact that S and S’ frame are identical and they yield the same results.

Example 33
Two particles of rest mass m,, approach each other with equal and opposite ve

Iocity u in the laboratory frame. What is the total energy of one particle as measured

in the rest frame of the other u = %

Solution - ,
S ' I
}—» u
u u v
m, m,

Figure 1.29




From the figure v=_27% __2u

Where

uu u?
1+__2_ 1+—2-
c c

r_ 2 _ 2
E'=mc* =ym

Put this in equation (1) we get

So
Example 34

A particle of rest mass m and speed v collides and sticks to a stationary particle of

1= !
V1-vi/c?
E—-l_ iveﬁ . Ei—l
c 2 8 )
V= 2'01 = 2—1?0
V2| 14+2
2
v? A2 8
1—0—2=1—(2-;i) =t
',Y__ 1 _ 1 _
T 1
c? 9
E'=3m,_c?

mass M. What is the final speed of the composite system.

Solution

S!

Special relativity

m v M My

o— (o] o>
rest

Before collision After collision

Figure 1.30

’

Al s
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From momentum conservation

()

my
Eq—g—; gives 1;V2/02 _ 12.
! me_ime? €
1-vi/c?
Tak 1 mv__
e —F7/—mm = —
m ym+M

Example 35

A particle of rest mass m, and kinetic energy of 6m,c’ strikes and sticks to

identical particle at rest. What is the rest mass of the resultant particle.
Solution

We have K:(m_mo)Cz,K=6muc2gives

2
6mOC :(m _mO)CZ

7m0 =m "(0)
S e
m, A mu M’ -
—>» 0 L.
rest
7

Figure 1.31




From momentum conservation

7m0v = MEE (1)
From energy conservation
' 2
7myc® +mc? = Me (2)
sl gives i v=v"" 3)
eq 2 8
m
From eq (0) we have Tm, = !
1-v¥/c?

or

i squaring
-




I . r2 .
‘ v, ;
Put the value of v’ and 1fl~—c—2 in equation (1), we get

Tm,v=M' %v

M'=4m,.

The equivalence of mass and energy
. Therelativistic mass energy relation was experimentally confirmed by Cockerofi
and Walton in 1932 by designing a high energy proton accelerator. The accelerator
consists of mainly 4 parts. )
1. A source of protons
Protons are produced by supplying an electrical discharge to hydrogen gas.
2. A power supply and a mechanism to boost the voltage of power supply

They used a power supply with a voltage of 150 kV. By using a simple electrical -
circuit consisting of capacitors and rectifiers, they boosted the voltage of the power
supply step by step to 600 kV.

3. A target

They used "Li as the target
4. A zinc sulphide fluorescent screen construction and working
Protons produced were accelerated in vacuum step by step by the applied high

voltage. When they attain maximum energy, they are allowed fall on the lithium

target kept at 45°. The fluorescent screen js kept in front of the target as shown in
figure 1.32.

[ t'I’h;;,-y found t{lat the fluorescent screen emitted occasional flashes. By various
€sts they determined that the flushes were due to g - particles. They interpreted this

as follows, The L ca .
\ i 1 captures a proton and the resulting nucl : 3
ately disintegrates into alpha particles, ESEs O st 8 imned]

ie.,

H+'Li- ‘Het ‘g
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Proton beam Lithium target

»

- —1Screen
Figure 1.32

Writing mass-energy equation for the above reaction, we get
Kinetic energy of 'H+ Rest energy of 117 and 'L,

= Kinetic energy of 2*He +rest energy of 2*He

ie KCH)+Mc*+M c* =2K(*He)+2M ¢’

Rewriting this equation as

(M, +M,, —2M)c* =2K“He) - K('H)

symbolically, we can write

AMc? =K ‘ Mass — energy equation

Cockcroft and Walton obtained the value K =17.2MeV from their experiment.

To get AMc?, they substituted the values of M,, M and M,
M, =1.0072 amu ‘
M,, =7.0104£0.0030 amu

M, =4.0011amu

AM = (1.0072 +7.0104 +0.0030) — 2 x 4.0011)
= (0.0154 +0.0030)

| )
r? % . e Fo¥ ]

R i
SNt
G

w_};‘

wmﬂi{
.Ef&?iﬁg it

i
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Using 1 amu =931MeV
AMc? = (14.34 £2.79)MeV

17.2-14.34) MeV =2.86 MeV . Th

The difference between K and AMc” is = (
al uncertainty 2.79. From thjg

is only slightly larger than the allowed experiment
they almost confirmed the equivalence of mass and energy.

Momentum - Energy relation
If a body of mass m moving with a velocity v its momentum

p=mv e (1)
and its energy E=mc: e (2)
Using m=——2— squari : -
sing = m squaring on both sides and rearranging we get
m’ = m,
1-v*/c?

2 2
mZ [C 2V =m§
C

2 2 2

m’ (¢’ -v?) =m’c?
2.2

m’¢? —m’ v’ =m}c’
2 2

m cC =m2V2+m§CZ

Multiplying throughout by 2, we get
m*c* =m?v?c? + m2c*
. . ) 0
Using equations (1) and (2) we get
E?=p?¢? +m} ¢

— 2.2

This
$ 15 the energy-momentum relation
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Massless particles
In the case of a photon or neutrino m, =0

E=pc

using equations (1) and (2), we have

2
mc” =mvec
V=c¢C

This shows that the velocity of a particle of zero rest mass is c.

Remember that only rest mass of the photon is zero. Using E=mc? and E=hv

We have mc? = ho

hv
or m=-=—-
c

This is the mass equivalent of photon.

hu

7

It shows that in relativity a photon of energy E has a mass Since this mass-

less particle interacts with charged particles like electrons, protons etc., they can be
easily detectable. Similarly the particles neutrino and graviton are massless particles
though they interact with matter weakly they cannot be detected easily. So far neu-
trinos have been detected but not gravitons.

Tachyons
In nature we find particle’s like electrons, protons etc. for which m, > 0. From

this an interesting proposal has been made by E.C.G. Sudarsan (an Indian scientist)
and others that it in nature particles with m, >0 and m, =0 exist then particles

with m, <0 should also exist. Such particles can have velocity greater than c.

my

. m [
vhng S e

If yv>c, \1—v?/c? isimaginary. If m, is taken to be imaginary. The imaginary
in the numerator and the imaginary in the denominator will cutoff there by making
m areal quantity. The rest mass imaginary means that this particle cannot have a rest

position. The rest mass m, imaginary does not matter provided the experimentally
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p are real and positive. This conditi
202 +m§c4 ) Also since E= ”{ITIC2 and p =7ym,v, E and b
ysically this means that particle is moving witp,
Jes are called Tachyons. This name is deriveq
ft. Several attempts have been made tq
successful.

88
on is satisfied provideq

observable entities E and
p’c’ >mic* (From E’=p
can be real only if 7 is imaginary. Ph
a velocity greater than c. These partic

from Greek word Tachyons meaning swi
observe these particles but so far none of them has been

Example 36
Show that the particles move with velocity equal to that of light have zero rest

mass

Solution
From Energy-momentum relation, we have

E=./p’c’+m]c*’

3 :
E’=p?’c’+m]c* using E=mc? and p=mv

or
m’c* =m?v?c? +m} c*
But v=c given, then
m’c* =m’c’ +m?c’
2 4
or mgc” =0=>m,=0.
Example 37

Calculate the rest mass of a particle whose momentum is 130MeV/c when its

kinetic energy is 50MeV.

Solution
MeV _130x10°x1.6x10™",
c 3x10° 5

p=130

K =50 MeV =50x10°x1.6x107J
The kinetic energy K and the total energy are related by

E=K+mg’

and also we have

- 2.2
E=,/p’c?+mZc*

equating the two equations, we get
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2 _ 2.2 2_4 :
K +m,c’ =4/p’c’ +mlc Squaring on both sides.
2.4
K? +mlc’ + 2Kmc? = p?c? + m2c*
2Km,c? =p*c? —K?2

B pl CZ _Kz
2K c?

0

_ (130%10° x1-6x10™)* (3x10°)* — (50 10° x1-6x107")?
2x50x10°%1-6x107" (3x10®)?
=2-56x10"kg.

The photoelectric effect

The phenomenon of photoelectric effect had been studied extensively in the quan-
tum mechanics paper. Photoelectric effect confirmed that light possesses particle
nature. But in relativity Michelson interferometer experiment confirmed that light

has wave nature. Einstein’s energy relation mc’>=hv provides a link between the
particle and wave nature of light.

‘Radiation pressure of light

According to Maxwell’s electro magnetic theory, light wave carries momentum.
This momentum will be transferred to the surface when it is absorbed or reflected. It
is due to the change in moment, when light falls on a surface, the surface experi-
ences a pressure called radiation pressure. The calculation of radiation pressure on
the basis of wave theory is complicated, but with photos picture it is very simple.

Calculation of radiation pressure on the basis of photon picture

Consider a stream of photons striking a perfectly
reflecting mirror normally. After reflection photons

N —‘,; Reflecting
move with the same speed. . ’ 7, Timer
E L
- E i
The initial momentum of each photon p = . 7
. < w
Final momentum (after reflection) of each photon, . ¢
; __Elp
E Tl b
P="7 ||

Figure 1.33




90  Relativistic Mechanics and Astrophysics

I e e

Change in momentum of the photon - .
If there are n photons stricking the surface per unit area in unit time
2nE

—

The total change in momentum in unit time per unit area = .

“The change in momentum in unit time is called force F.

w n
Thus Force per unit area = —~
The force per unit area is called pressure P
_2nE
c
nE is the total energy per unit area per second is called the intensity of light I

P

Thus P:E

c
This is the expression for radiation pressure when light reflects from a reflector.

Similarly the radiation pressure on an absorbing surface P =—
c

The average intensity of sunlight falling on the earth surface at normal incidence

is calculated to be 1400 Wm ™.

-~ The radiation pressure on a mirror due to sunlight = E — 2x1400
c 3x10°

=0.33x10°Nm ™

This pressure is very small when comparing to atmospheric pressure 10°Nm -
However on .the cosmic scale the radiation pressure is very large, it helps keep stars
fr(fm ’coII‘apsmg under their own gravitation forces. The gravitational force of a star
;z :)c;m gin war(d and the radiation pressure is acting outward. So long as when these

v0 forces balance each other the star lives as a youngster one,

Another i p ) ]
be created a;rgﬁzfidm aspect of photons is that unlike classical particles photons can
The absorotion o ;]{ozec}i). In other words photon number is not conserved in nature.

1ght by matter leads to destruction of photon where as emission
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of cEadlaﬁlOrlmc-lgitaées p}]]'otons..Ne_vertheleSS, the law of conservation of momentum
and energy are generalised with in the frame work of relativity. This will provide us

a very p.'owerfu_l tool to t.reat processes involving photon without a detailed knowl-.
edge of interaction. One illustrative example is given below

The photon picture of the Doppler effect

We already discussed the Doppler effect of light by considering light as a wave.

This time we are going to discuss Doppler effect of light by considering light as a
particle (photon).

Consider an atom with rest mass m,, at rest. If the atom emits a photon of energy
hv the mass of the atom becomes mj,. From the conservation of energy we have
2 _ r .2
myc” =mgc” +ho
" r .2 _ 2
e mc"=myec '~ho (1)

Now suppose that the atom moves freely with a velocity v, before emitting the
photon. ‘

Before emitting the photon

2
Energy of the atom, E = Mye
J1=v?/c?
Momentum of the atom p = i hd
' 1-v3/c?

After emitting the photon of energy hy', the atom has velocity v', rest mass mg,
energy E’ and momentum p’.

According to conservation momentum, we have

. hv'
p=p+—
c

or pc—hv'=p'c e ©)
~ According to conservation of energy, we have

E=E+hV'
or E-hv'=E 3)
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squaring equations(2) and (3) and subtracting we get
(E _hUI)Z _(pc __hur)2 o E!Z _(prC)Z
From the energy-momentum relation, we have
E? =p%’ +m}c’
so EFZ = prZCZ + mrﬁ%‘l
or E.vz __prZCZ - m62C4
Then above equation becomes

(E—-hv")? - (pc —hv')? =m/*c*
substituting for m/’c’ from eq. (1), yields

(E-hv')* —(pc—hv")* =(m,c* —hv)?

E? —2Ehv’ + h20'”? — p*c? + 2pchv’ — h2v?

2 4
=mJc* —2m c*hv+h*v?

substituting for E* - p*c* = m2c* on the L.H.S and cut likes terms on both sides, we

get —2Ehv’+2pchv’ = —2m c*ho + h?v?

2hv'(-E+pc) = -'-ht:f(2moc2 —hv)

2
o  omb (2m ¢ —hv)
2(E-pc)

Now we evaluate' E-pc




. ho |
For massive sources the term 7 18 negligible.
2m,c

A result which is exactly in agreement with our old result. This shows that the
wave nature and the particle nature of light predict the same results.

Does light travel at the velocity of light

The question does light travel at the velocity of light may seem to be rhetorical.
But answering this question is not as simple as we think of. We know that the entire
edifice of relativity is built upon on two postulates where velocity plays a crucial
role. In relativity a universal character is attributed to the velocity of light i.e, the
velocity of light in vacuum is a universal constant and is the same for the observer in
all inertial frames. We can very well prove that there is only one such universal
velocity in relativity.

To prove this we assume that there is a second universal velocity ¢ emitted by a
system or due to some phenomenon other than light. For example the velocity of
gravitons or neutrinos or tachyons. We call this phenomenon as T .

‘Consider a light and a - pulse emitted along the x-axis from the origin of a
coordinate system (S frame) at t=0
- The x-coordinates of the pulses after a time t are
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x,:ct

X =Ct |
The relative velocity between the two pulses 15 g1ven by

¢
d d, .
= — —X =-—-(Ct-‘Ct)
u=g )=
u=c —c .
sesin the §' frame moving with velocity v along the

| Now consider the same pul

| positive X-axis.
The x- coordinates of the pulses with respect to S’ frame are

T
x| =ct
Xp =cCt
. The relative velocity of the two pulses is given by

!
|
r d ! ] d L} ]
u'=—(x} —x))=—(c't'~ct
dtl(r [) dt( _ )

|

i

|

i L
' u=c -—-c¢

I _ From the velocity addition theorem
| u-
; we have u'=a
i 1— EX
f . c?
For light pulse ¢’ = A
cv \4
I-—  1-—
C c
.y €=V
For r-pulse (¢)'=—=
cv

J—a—
o2

Cl’ - . . . .

there by a:ta?n-phes that the velocity of light in S frame and S’ frame is the same
ning a universal : : ,

that character in accordance with relativity. We also proved

B (©') # ¢ implies th - '
at " - ' :
P t I" - pulse is not universal in its character. Moreover using

L :
orentz transformation we can very well write
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u' = (C* )' —-c

if ¢ and c arc universal.

or . 9:;{ —¢
c
This result disagrees with our former result.
u'=c -c¢
For these results to be agreeable only when ¢’ =¢

Inthiscase u=¢ ' —c =0

o’ c—v 0
— — ==
and oV
==
c

c = ¢~ implies that there is only one universal velocity i.e, the velocity of light.

We conclude that light travels at the universal velocity. We could also see that when
we try to incorporate a second universal velocity the entire edifice of relativity col-

lapsed. In other words special theory of relativity cannot accommodate more than
one universal velocity.

Scientific community is still investigating a second universal velocity moving
faster than light. If it is found we have to modify special theory of relativity in order
to accommodate the newly discovered.

The rest mass of the photon

We found that within the frame work of relativity the rest mass of the photon is
zero and it moved with velocity of light of the photon has a non-zero rest mass, its
velocity would be less than c.

If m, is the rest mass of the photon, then its energy

E=ym ¢’
If we assume that E = ho is valid, the above equation can be written as
m pc2
hy=——=
V2
1=
C
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aring on both sides, we get

squ
(m c*)’
2
(hv)? =—"—
L
Y2
If v, be the characteristic frequency of photon, then mp02 =hv,
2
2 _ (huo)
(hv)" =——
1=
2
c
2
! =0
2
i
1
CZ
2
or v? l_v_ =V 2
CZ 0
2 2
1-Y o
l::2 uz
2 2
Y 1Y
C2 DZ

If v, =0,then v= ise v d y. T
5 n v =c, otherwise v depends on frequency. This happen when light
18

passes through dispersive i
_ medium such
called dispersion ; as water, glass etc. This i
SlaceYex Eibits dl: Sopzisizge?;?;ex‘nal challenge is to test whether 61" not 52223;1?221 tl §
- 1s proved we wi pty
mass of the photon. S will be forced to b
. So far the fr. put a limit on the rest
firmed. equency dependenc ioht i . 3
: So the rest mass of the photon can blza taken foolfélght e
Zero.

Light from a pulsar
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this discovery Apthony Hewish was awarded the Nobel prize in physics for the year
1974. The PeC.uhar properties of light signals emitted by pulsarspati;acted the scien-
tific commumt‘y. As a. result of this more than 1000 pulsars have been detected so
far. The most Interesting pulsar is the one that we found in the crab nebula called
crab pulsar.

It emits signals of time intervals 0.033s. It is due to high precision of time inter-
val of emission of signals, crab pulsar is considered as the superclock of the uni-
verse. Crab pulsar emits signals in the optical, X-ray and radio frequency regions. As
the pulses are quite sharp their arrival time can be measured to an accuracy of micro
seconds. it is known that light from the pulsars at different optical wavelengths ar-

rives simultaneously within the experimental resolving time. We can use these facts
to put a limit on the rest mass of the photon.

Signal from the crab pulsar takes 5000 years, to reach on earth. Suppose that
signals at two different frequencies travel with a small difference in velocity Av and
obviously arrive at slightly different times t and t+ At on earth.

: : distance
Using, time = ———

velocity

(=
v

Where [ is the distance between the crab pulsar and the earth.

' [
or V=—
t ()
I .
AV:"I—ZAt e (2)
eq2 -, - Av At
car Vs =T

Actually no such velocity difference has been observed. But by estimating the
sensitivity of the experiment we can set an upper limit to Ay - At can be measured to
an accuracy of about 2 milliseconds. '

LE., At =2x107s

we know that t=5000 years
t =5000%3.15%x10’s
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$) (= 1.58x10"s

Ats 2x107
(1~ 1.5%10"

(1 year ::3.15><IO7
Av
\

—

Av ~ 10-]4

—

or v

If we take v=C
A‘i =107
C

Recall our earlier result

|

(=]

v? v
~=1-
c v

and v, and the velocities v, and v,, We g

For the two signal frequencies v,

2 2
Vi
2

c V]
2

1]

and

c v, b
or (v1 +V2)(V| _Vz) 2 1 1
o =TT
U2 Ul

Take = '
v,+Vv,=2c and v, —v, =Av, we have

GAv_ o[ 1 1
c Q| 7T
L, Ul

Tak ' '
e v, =8x10“Hz (blue light)
and
L, =5x10"Hz  (red light)
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AV v (1 .
o 107 | 52 “%‘5 =2.44 4 1() "Uf;
.. Av
Using the limit —=10" we have
c
1071 — e
22107 =2.44 41072
2 2)‘(10—'4
or vy = =0.833%10"

C2.4x107

vy < 10
v, < 10*

Putting this value in the expression for rest mass of the photon

T 3
TR ek kot A 1y AR R R STaBeE, ok Bk DLt

_hy, 6.6x10**x<10"
P 2

c 9x10'"

TER IS

m, <0.733x107%

That is the limiting mass of the photon is 102 kg. If we increase the experimen-

Av o . .
tal accuracy —, the limiting rest mass of the photon will also increase.
v

IMPORTANT FORMULAE

1. Michelson interferometer:

2Lv?

C'Z.

a) Displacement of interference fringes, 6 =

)
(b) Number of fringe shifts = o

L, {
i lvwf, where f=1—;-;

Fri hift i ter =
(c) Fringe shift in wa er. "

2. Galilean transformations:

: _ -
a) Coordinate transformation equations x'=x—vt, y'=y and t =t




]
|
;/

3.

6.
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100 Relativistic Mecha
. ".'_"u —VQ " andu'=u
. ugHans s % Uy - uy z z

.\ transformation €q
p) Velocity . | - -
A eleration I!'ﬁﬂSmelation equations a =4a,, ay = ay’ an z z

c) cC : - |

3. LorentZ transformation equations:

X X’:}'(X"Vt) X=Y(X'+Vt')

y’ =Y y =] y'

’

z =2

e ) TS

Space like and time like intervals.
L'=y(L-vT)

z=2'

For space like interval
L >cT, L'is positive and" T’ can be positive, zero or negative.

For time like interval
L <cT, T' is positive and L' can be positive, negative or zero.

Lorentz length contraction formula:

L=L0\J1-—V2/C2, L<L0-

The orientation of a moving rod:

1
v2 2
L=L'|1- 1—-—5-0036'
C

6 =tan”'(ytan’), Y=

1-

1-v2/c?

L<L, @>¢
7.. Atomic clock correction:
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g9, Transformation of velocitjes:
u, —-v

P x 7 U.' +v
u, T u, =—2"7
| Pians A u’ v
c? 1+——2
C
2,2
u’—u" 1-v/c | Ul V1 - v2/c?
=3 Ll L8
Y UKV Y U'V
c c
272
o =N 1-v°/c _ U’,,*’l—vz/c?
# u.v uzh___Tv—
1'_- xz 14—
2
c c

10. The velocity of light in moving water with respect to lab frame,

=-c—+(1-—~17]v
n n

11. Doppler effect in sound:

o =1 1 — Source is moving towards the observer
v
1-—
W, : ) )
o = 0(1 + _] -— Observer is moving towards the source
w

12. Relativistic Doppler effect

14—
€ _ Source is moving towards the observer

¥

or
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14. Doppler navigatioh formula

15. Relativistic momentum

.1 16. Variation of mass with velocity

I m(v)= J_
j 17. Mass-energy relation:
l

moc E=K+m,c’

iy

18. Expression for relativistic kinetic energy

1
K=mc’-m,* =m,’| ——=-1
Y
¢’
|
19. Energy-momentum relation
! E =,/p’c® +m}c*
20. Expression for radiation pressure
2ME 21 . -
=——=—- Light reflected from a mirror
cC ¢

I
P =E - For an absorbing surface

21. Rest mass of the photon., m, =0

Mass of the photon m = hU
¢’




22.
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Orientation of a light pulse with respect to S frame

v
cos® +—
cosf = c

Y
1+ —cos®’
c

UNIVERSITY MODEL QUESTIONS

Section A
(Answer questions in about two or three sentences)

- Short answer type questions

Bl A i ol

Pt e et e et
W N = O

15.

16.
17.
18.

19.
20.
21,
22.

23.

What was the aim of the Michelson-Morley experiment?

Draw a labelled diagram of Michelson-Morley experiment

Explain the negative result of Michelson - Morley experiment.

What is the use of compensating plate in Michelson - Morley experiment?
Explain the significance of Michelson - Morley experiment.

What are tht postulates of special theory of relativity?

Write down the Galilean transformation equations and explain the symbols used.

Obtain the Galilean transformation equations for velocity of a particle moving in space.
Obtain the Galilean acceleration transformation equations.

. What is a Galilean invariant quantity?

. Write down the Lorentz transformation equations and explain the symbols used.
. What is meant by simultaneity?

. What is meant by time like interval?

. What is meant by space like interval?

Draw the .graphical variation of y= D with ~.
N1-v2/c? c

What is Lorentz contraction in relativity?

What is meant by time dilation in relativity?

Define the following terms

a) Proper frame  b) Proper length ¢) Proper time

Write down the velocity transformation equations in relativity.

What is the effect on speed of light in a moving medium?

Define Doppler effect.

Write down the relativistic Doppler formula in terms of frequency and explain the

symbols used.

Write down two applications of Doppler effect.
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24,

N B R
53'3'--153\[3’1

30.

-~

31.
32
33.
34.
35.
36.
37.

38.
39.

nd Astrophysics

N 9
What is twin paradox Lenersy
Define relativistic momentum an energy-.

How does mass vary with velof;l[t)fon and explain the symbols used.
. i mass enerUy Ic ali " s
Write down the g kinetic energy and total energy of a relauvlsuc

State the expressions for rest energy,

;Smmcle' the speed of light were infinite what would happen to the relativistic pregj,,
u Osc ) U . . - - - .
tiogf of length contraction, ime dilation and mass variation
i igation?
What is meant by Doppler navig . o
Write down the energy momentum relation and explain the symbols used.
Draw the graphical variation of mass with velocity.
Distincuish between elastic and inelastic collision in relativity.
(=]

Massless particles travel with speed of light. Justify.

What is meant by radiation pressure of light? .
Write down expression for radiation pressure and explain the symbols used.

If a photon travels with a speed other than that of light, then what would be the reg

mass of the photon _7
What is a pulsar? Name two of them.

What is the effect of radiation pressure in stars? |
Why pulsars are considered as super clocks of the universe? ;

Section B

(Answer questions in about half a page to one page)

Paragraph / Problem

1.

S

X 0=

10.
11.

Show that in the non-relativistic limit the Lorentz transformations reduce to Galilean

transformations.
Explain how time dilation was verified experimentally.

Vv et 3 .
Show that when — « 1, , the relativistic kinetic energy becomes the classical one.

c .
Show that addition of velocity to the velocity of light gives velocity of light.

Events that are simultaneous in one frame are not simultaneous in another reference
frame, prove it.

Explain how velocity transformation was verified experimentally,

Explain how mass variation was verifieg experimentally.

Arrive at space like and time like intervals.

Arod of length 1. in S’ frame moving with a speed v. Find out itg orientation in the

lab frame,
Wh'at is the role of time dilation in atomic clocks?
Arrive at velocity addition theorem in relativity |




122
13.
14.

15.
16.
17.
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uce an expressi ; . .
Tpse i1 pr_ IRl \_/eloclty of light in moving water with respect to lab frame.
How wilsyou itacku Moving object by Doppler effect?

Explain the ageing of twing quantitatively.

Derive the relation E = c?
Derive the energy-momentum relation fro

. _ T M mass variation with velocity.
Derive an expression for radiation pressu

re of light.

Problems

1‘8.

19.

20.

21.

22,

23.
24.

25.

26.

27.
28.

29,

What will be the fringe shift in Michelson Morley experiment, if the effective length of
each part is 6 m and wavelength of light used is 6000 A ? Velocity of earth 3x10°ms™.
[+of a fringe]

In Michelson-Morley experiment the length of the paths of the two be
each. The wavelength of light used is 60004.

calculate the velocity of earth relative to ether

ams is 11 metres
If the expected fringe shift is 0.4 fringes,

[v=3x10"ms™]
Show that for v < ¢, the Lorentz transformations will become Galilean transforma-
tions.

At what speed v, will the Galilean and Lorentz expressions for x differ by

a) 1% b) 50% ‘ [42x10°ms™, 2-235x 10 ms™.

The length of a space craft is measured to be exactly % of its proper length. What is its
speed with respect to earth. Also find the dilation of spacecrafts unit time.

[@)v=066c=198x10°ms™ b)At, =0.75s]
Let a meter scale be moving with a velocity half of that of light. What will be its length
measured by a stationary observer. [L =0.866 m]

A rod of proper length 3m moves with a velocity 0.86 ¢ in a direction making an angle
60° with its length. Find the apparent length. [2.7495 m]

Find the speed of the space ship of every day spenton it may correspond to 2 days on the

earth sprface. [v =2.598%10° ms“‘]

At what speed should a clock be moved so that it may appear to lose | minute in each

“hour : [v=54x10"ms™

Calculate the energy equivalent of the rest mass of an electron. [E=8.19x107"]]

Calculate the velocity of an electron having kinetic energy 1 MeV. m, =9x10™'kg.
[v=2-62x10°ms™]

Calculate the energy released in MeV when a neutron decays into a proton and an elec-

tron. M, = 1-6747 x 107kg, M, = 9% 107" kg. | [E=0.7303 MeV]
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30. An electron and a positron practically at rest come together and z.mnihilate into other,
producing two protons of equal energy. Find the energy and equivalent mass of eacy,

}
{
|

proton. m, =9x107'kg. |
[energy of each proton =81x107J mass equivalent of each proton 9x107'kg

! 2.2
i - : p'c’~K?
- 31. Show that the rest mass of a particle of momentum p and kinetic energy Kis my = TRE

32. A-particle with rest mass m, is moving with a velocity % Find out the momentum,

mec,(ﬁ—l) m,c?,
V2m,c?

33. The rest mass of an electron is 9.1x107>' kg what will be its mass if it were moving with

kinetic energy and total energy of this particle.

i‘s‘ithof the speed of light. [1.5x10kg]
34. Suppose that the total mass of 1kg is transformed into energy, how large is this energy in
kilowatt hours _ [2.5%10%]

35. A certain quantity of ice at 0° C melts into water at ice at 0°C,in doing so gains 1 kg of

mass. What was the initial mass. - [2.68x10"kg]
36. Show that x* +y® +z* —c’t? is invariant under Lorentz transformation.

M,

37. Derive m =——==— starting from E =mc®
vi-v?/c? v

et il L i

X

y . . , u'v
38. Derive the mass transformation equation m = ym [1 +== J
2 )

i 39. Show that the differential operator
E . 2 2 . 2 2
| & O P 10
|
|

s oy + e e 1s invariant under Lorentz transformation.

40. Show that th i _ /_vz A : |
e proper time dt=dt, /] ? 1§ an mvariant quantity under Lorentz trans-
formation. ,

41. What is the speed of 7 -mesons wh
: ose observed mean life is X
mean life of these n -mesons 1s 2.5x107%s, 10 The o]

| 42. A beam of pio : | [v=0.995c]
\ ek .p ns has velocity v = 0,6 It has a half life of 1.8 x10~*s. Estimate the time
1 en by pions to decay to half their initia] number [2.25%1075]
: ) 25x s




43.

45.

46.

47.

48.

49.

50.

Special relativity 107
Find the shape of a circle at rest in 5 fram

. . e S when viewe , ; ,
moving with speed v along x-axis with ¢ *fromatame 8, when 8 I

espectto S.

' . ) ) [ellipse]
’ Fram(? S moves with Vel?city v relative to frame S. A bullet in frame S is fired with
velocity uatan angle g with respect to forward direction of motion. What is this angle

as measured in §'. {Lanf)':tane,’l—v: (l— A )i\
c? ucos©

Two P-paﬁ%cles A ﬂn‘d B travel in opposite directions each with a velocity 0.98 c. What
is their relative velocity as observed by a stationary observer. [0.99c¢]

A particle moves with velocity represented by a vector w'=31+4j+12kms™ in §
frame. Find the velocity of the particle in frame S. §' moves with velocity 0.8 ¢ relative

to S along positive x-direction. u=24x10"] +2.4}+7.2K)

Sand S’ are two inertial frames. S be rest and S’ be moving with a uniform speed v.
Find the coordinates of S’ of the following.
v=0.6c ‘

a)Xx =4m, t=1s [@) x’=2.5%10°m, t'=1.25s

b) x=1.8%10°m, t=1s b) x' =0, t'=0.85)
Arod oflength [, oriented parallel to the x-axis moves with speed u along the x-axis in
S. What is the length measured by an observerin S’ . !

- I CEl CGt'e))

! 2
c —uv

A photon of energy E; collides with a free particle of mass m, at rest. If the scattered

photon flies at an angle g, what is the scattering angle of the particle ¢.

{cotdy = (1 + E, 21tan9}
m,C 2

An electron of energy 10 MeV moving at right angles to a uniform field 2T. Calculate

the radius of the circular path a) classically (b) relativistically
[(a) 0.53cm (b) 1.8 cm]

Section C
(Answer questions in about one or two pages)

Long answer type qitestions (Essays)

1.
2.
3,

Describe the Michelson-Morley experiment and explain the null result obtained.

Derive the Lorentz transformation equations.
Explain the consequences of Lorentz transformation equations.

wind
o el
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ions from Lorentz ransformation cquations, Hoy,

4. Derive velocity transformation cquat
it is verified experimentally.
5. Derive the relativistic Doppler formula
locity has been verified.

How does the variation of mass with ve
By considering inelastic collision in relativity, establish that the inertial frames § gy

AR

S’ are identical.
on of the equivalence of mass and encrgy.

8. Explain the experimental verificati
basis of photon picture of light.

9. Derive the Doppler formula on the
10. Explain how does light from a pulsar sets an upper limit to photon’s rest mass.

Hints to problems
2

18. Number of expected fringe shift = 2:\;
c

21. See example 2
At,

22 L=L.Jl-v?/c? L=3L At=—7———
- LeLofi-ve L=, U e

One second in spacecraft will appear to be 0.75 second for an observer on earth.

23. L,=Ilm L=L0~/1—v2/c2

24. See example 5
L'=3m - L, =L'cos60=:m

P Tt 33 .
L)r =L sm60=-——;/—_ E_=T J1-v*/e? =0.9m

o33
Ll

, At =1 second

L=(12+1%) =2.7495m
25) At, = 1day
. ' At=2days use At =J_LQ—

CoNI=viie?

26. 60 mi i 7
mmgtes In rest clock appears to be 59 minutes in the moving clock. Th
‘ ock. Then

At,

Vi-virer

Aty =59 minutes, At =60 minutes use At =

21. m=9.1%10""kg use E = mc2,
28. See example 14
29. M~ M +M,




30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
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loss of mass m = -
My ~(M +M )

This loss of mass is converted into energy use -

To convert joule into MeV divide by 1.6x10" |
m, =m, =9x107"kg M’ +m ¢? = 2mc?

-me? in joules

energy of each proton = m¢?
See example 17

c m
=mv=m——, where m=—"___ _

p \E '_‘l—vzlcz \/Emﬂ

K =(m—-mg)c’ T.E=K+m,c?

m=—-ﬂ’— where v=2¢
VI-v?/c? >
E=mc’, m=1kg
1KWH=36x10’ joules.

Let M be the initial mass.
Energy absorbed during melting =M L, L =336x10’Jkg™

This is equal to mc? =1xc*, M L =mc?.
Show that X2 +y? +2% —ct? =x? +y? +2° — 22 using
x'=y(x-vt),y' =y,z'=z and t'=y(t-vx/c?)

Use E? =(p’c’ + mZc*) then replace p by mv, which is ym,v.
E =mc?, m=mol\}1—u2/c2, E'=m’’
' _E-Vp,
m'=m,/v1-u?/c*. Use E'= » Py =TI,
’ Jl viic?
Substitute for E', E and Px
Use  x'=y(x—vt), y' =Y, z/=z and t' =y(t-vx/c?)

i_igi+iﬂ'+aoz+aa
Ox ox Ox Oy ox oz ox  ot.ox

8 _. oy '_OQ‘_'_IV_
6 =7 Bx 05 ox ¢

g _ (2. 3D
x [\ Fa

v STl 3 YA
SRR L M

i
N
I

| g RV IDEEY LS

=y i

e e A T e e



e — -

0 vo
Similary 3, =5y and 5,757 6t (o' O
¢ o i Ll and ﬁl All these are put in given equatiox_l it will be
Fmd axz’ 6y2’ azz atz
2 2 2 2
&, o, 0 10
axrz ayrz az.'- c? 6{
; dx 2 dy 2+ 95)2
40. Put v =(EJ + —Et- dt
41. At,=2.5x107s, At=2.5x10""s
At
Using At=—=2— findv.
i V1-vi/c?
At,

42.
43.
44, v ="V and
1- LV
c2
u, =ucosf

45. u’ =_ux_—v_" u, =.98c, v=0.98¢c

1——x

c2
46. u} =3 using
u, =4 using

47. See example 9

=1.8x107%, v=0.6c find At using At=——=-02—
SeThex o VI-v?/c?

Foracircle x* +y*=R?* use x=y(x'+vt') and y=y'

LtV
U == - where v =(.8¢

u!
X ]
X
I+-%-
11;\/1—V""Ic2
u =
y ]
1+26Y
2

c

4 2
u, =12 using u, _—_@




48. Speed of therod w.r. to §', u-vy

B— S

49.

30.

[_uv S’
Ez__ — v
Using L=L,v/1-v?/c? L,
' () —
Here L=I' L,=] v=y="7V
LA
CZ

E
E
Eo m, c
NN 0 | A
p=Co
c
Befor collision P..E,
After collision

From conservation of momentum along x-direction

EO

— = Ecose+ cos ¢
B - pgCoso . (1)

along y-direction

0= —Fisine + p,sind
c

From conservation of energy, we have

E,+myc’=E+E, .. (3)

Where E =, fp§32 +mJc’ solving egs (1), (2) and (3) collect ¢.

a) I‘=m0v =-—E—= %
: gB ¢B qB

m,=9.1x10"'kg, K=10MeV q= 1.6x10™¢, B =2T we get r=0.53 cm

r= v = er - (1)
gB ¢B
E =, /pzcz +mlc* from this calculate p and put in eq(1), we get r§-1.8cm

Where E=m,c’ +K

b)

v e Ay AT B o
¢ if i SOAANED N4 | FART T BRI I & BB S s e L B RS

g 21 2§ L2 B T




UNIT TWO

2

| GENERAL RELATIVITY AND COSMOLOGY

Introduction |
To study the behaviour of matter there are two fundamental theories in physics.
They are _
(i) Newtonian theory of gravitation - which describes the behaviour of one mass
point (gravitational field) and

(i) the electrodynamics - which describes the behaviour of cliarged matter in the
presence of electromagnetic field.

The special theory of relativity had its origin in the development of electrody-
namics, while the general theory of relativity is the relativistic theory of gravitation.

The special theory of relativity only accounts for inertial systems, in the regions
‘of free space where gravitational effects are neglected. In those systems the law of
inertia holds good and the physical laws retain the same form. The special theory of
relativity does not account for non-inertial (accelerated) systems. For example the
clock paradox and universal phenomenon of gravitation could not be accounted by
special theory of relativity. Thus naturally we wish to extend the principle of relativ-
ity in such a way that it may hold even for non-inertial systems and consequently the
extended theory may explain the non-inertial phenomenon like clock paradox and
particularly the phenomenon of gravitation. This is because when S.T.R is extended
to accelerated systems we can easily bring the effect of gravitation. The ex-
tended theory is known as the general theory of relativity. In developing the
general theory of relativity it is helpful to analyse the predictions of special theory of
relativity with respect to the phenomenon of gravitation.

Principle of equivalence is the keystone of general theory of relativity enuncia-
tion by Albert Einstein in 1915. -

The principle of equivalence

This is actually the principle of equivalence of gravitation and inertia. It states
that there is no way to distinguish locally the motion produced by inertial forces
(acceleration, recoil, centrifugal forces) from motion produced by gravitational
force.
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Einstein arrived at this conclusion with the following gedanken (thought) experi-
ment.

In accordance with his usual mode of creative thought, Einstein set the stage with
an imaginary situation. He pictured an immensely high building and inside it an
elevator that had slipped from its cables and is falling freely. Within the elevator a
group of physicists, undisturbed by any suspicion that their ride might end in disaster,
are performing experiments. They take objects from their pockets, a fountain pen, a
coin, a bunch of keys, and release them from their grasp. Nothing happens. The pen,
the coin, the keys appear to the men in the elevator to remain posed in mid-air-
because all of them are falling, along with the elevator and the men, at precisely the
same rate in accordance with Newton’s law of gravitation. Since the men in the
elevator are unaware of their predicament, however, they may explain these peculiar
happenings by a different assumption. They may believe they have been magically
transported outside the gravitational field of the earth and are in fact poised somewhere
in empty space. And they have good grounds for such a belief. If one of them jumps
from the floor he floats smoothly towards the ceiling with a velocity just proportional
to the vigour of his jump. If he pushes his pen or his keys in any direction, they
continue to move uniformly in that direction until they hit the wall of the car.
Everything apparently obeys Newton’s law of inertia, and continues in its state of
rest or of uniform motion in a straight line. The elevator has somehow become an
inertial system, and there is no way for the men inside it to tell whether they are

falling in a gravitational field or are simply floating in empty space, free from all
external forces.

Einstein now shifts the scene, The physicists are still in the elevator, but this time
they really are in empty space, far away from the attractive power of any celestial
body. A cable is attached to the roof of the elevator; some supernatural force begins
reeling in the cable; and the elevator travels “upward” with constant acceleration,
i.e., progressively faster and faster. Again the men in the car have no idea where
they are, and again they perform experiments to evaluate their situation. This time
they notice that their feet press solidly against the floor. If they jump they do not
float to the ceiling, for the floor comes up beneath them. If they release objects from
their hands, the objects appear to “fall”. If they toss objects in a horizontal direction
they do not move uniformly in a straight line, but describe a parabolic curve with
respect to the floor. And so the scientists, who have no idea that their windowless
car actually is climbing through interstellar space, conclude that they are situated in
quite ordinary circumstances in a stationary room rigidly attached to the earth and
affected in normal measure by the force of gravity. There is really no way for them
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to tell whether they are at rest in a gravitational field or ascending with éonstan;
acceleration through outer space where there is no gravity at all. |

The same dilemma would confront them if their room were attached to the rim of
“a huge rotating merry-go-round set in outer space. They would feel a strange force
trying to pull them away from the centre of the merry-go-round, and a sophisticated
outside observer would quickly identify this force as inertia (or, as it is termed in the
case of rotating objects, centrifugal force). But the men inside the room, who as
usual are unaware of their odd predicament, would once again attribute the force to
gravity. For if the interior of their room is empty and unadorned, there will be nothing
to tell them which is the floor and which is the ceiling except the force that pulls
them towards one of its interior surfaces. So what a detached observer would call the
“outside wall” of the rotating room becomes the “floor” of the room for the men
inside. A moment’s reflection shows that there is no “up” or “down” in empty space.
What we on earth call ““down’ is simply the direction of gravity. To a man on the sun
it would appear that the Australians, Africans, and Argentines are hanging by their
heels from the southern hemisphere. By, the same token, Admiral Byrd’s flight over
the South Pole was a geometrical fiction. actually he flew under it - upside down.
And so the men inside the room on the merry-go-round will find that all their
experiments produce exactly the same results as the ones they performed when their
room was being swept “upward” through space. Their feet stay firmly on the “floor.”
Solid objects “fall”. And once again they attribute these phenomena to the force of
gravity and believe themselves at rest in a gravitational field.

From these fanciful occurances Einstein draw a conclusion of great theortical
importance. To physicists it is known as the principle of equivalence of gravitation
_ and inertia. '
The above discussion shows that an accelerated frame can bring the effect of
graitational force. For example an elevator moving in outer space moving upward
with an acceleration a = g; bring gravitional effect.

In the statement of the principle of equivalence, we used the word “there is no
way to distinguish locally .............. , locally we mean that there is no way to distinguish
from within a sufficiently confined system. Our elevator is such a system. In other

-words the equivalence principle applies only to local systems i.e., only for small

systems inertial and gravitational forces are indistinguishable. For non-local systems
they are distinguishable.

_ Einstein realised that the principle of equivalence applied not only to mechanical
systems but to all experiments, even ones based on electromagnetic radiations.

Principle of equivalence predicts a change in frequency of a light wave falling in the
earth’s gravity. ‘

i
z T S oyl 2
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To illustrate this consider an elevator movin g up with acceleration a. At the tOp of

the elevator there is a light source that emits a wave of frequency v. At the bottom

of the elevator and a distance H away there is a detector that observes the wave and

measures its frequency. When the light wave is emitted in the accelerating elevator,
ihe source has speed v, which is assumed to small compared with the speed of light

. ' . H ) .
¢. When the wave is detected by the detector after a time t = —, the floor is moving
c

with a speed v + at. In effect there is a relative speed Av=at between the source
and the detector, so there is Doppler shift in frequency given by

U'=U(l+£\i)

C

V'-v  Av
v c

vou_at ' ¢:  Av=at)
vV ¢

ace .
eleration of the elevatora=g¢

Av gt
L ¢
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Av  gH : [ ' HJ
_=—2 - l.. t=__
v ¢ -

Thus we can say that the principle of equivalence predicts a change in frequency

of a light wave falling in the earth’s gravity. This has been verified experimentally

- by Pound and Rebka in 1959. Further the frequency of radiation emitted by satellites

~ and received by ground stations have confirmed this prediction to a precision of

about 1 partin 10*. This is made use of in the global positioning system (GPS). GPS

relies on frequency measurements on the surface of the earth from transmitters in

orbiting satellites, its accuracy depends on applying correction due to the gravitational

frequency shift predicted by general relativity. Without this correction, errors in the
GPS locating system of roughly 10 km per day would accumulate.

The equation for frequency shift can be re-written as

Av _mgH

v mc?

is the difference in gravitétiona] potential energy per unit mass (AV) between

| the source and the detector.

Av AV

Thus —
9] C

.. suppose light leaving the surface of a star of mass M and radius R. The gravitational

potenual at the surface is V = —G—é\d- If the light is observed on the earth, where the

gravitational potential ‘is negligible compared with that of the star, the frequency
shift is !

Av _AV _~ GM
v ¢ Re
photons climbing out of a star’s gravitational field lose energy and therefore shifted
to smaller frequencies or longer wavelengths.

i.e. the photon has a lower frequency at the earth, corresponding to its less in energy
- as it leaves the field of the star. A photon in the visible region of the spectrum is thus
shifted towards the red end and this phenomenon is known as gravitational red shift.
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Example 1 . |
The Lyman o line in the hydrogen spectrum has a wavelength of 121.5mm. Find
the change in wavelength of this line in the solar spectrum due to the gravitational

field. G =6.67x107""Nm’kg™
MO =1:99X1030kg and R-O =6-96X108m

Solution |
Av GM .
have = -
we }) Rc?
Using L=~
sing y
Av = —%Ak
Av B AL
0] A

AL Av_GM

o A v Rc?

substituting the values, we get

AL 6.67x10™" x1.99x10%
121.5x107° 6.96x10° x (3x10%)?
A 211910
121.5%x10
or © AL=2.119%10"5%121.5x10"°
AL =0.257pm

Example 2

The increase in energy of a fallen photon was first observed in 1960 by Pound
and Rebka at Harvard. Find the change in frequency of a photon of red light whose

original frequency is 7.3x10'*Hz when it falls through 22.5 m
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solution
Av gH
“Wehave . —=55
| v ¢
Substituting the values, we get
Av  9.8x22.5
- 7.3x10"  (3x10%)?

s A= 9.8x22.5 <7 310"
: 9x10'
Av=1.79Hz

General theory of relativity

In Newtonian mechanics space and time were kept apart whereas in relativity
space and time are intimately coupled via Lorentz transformation and called them as
space time. General relativity is a theory of geometry. The motion of a particle is
determined by the properties of space and time coordinates through which it moves.
The equivalence between accelerated motion and gravity suggests a relationship
between space time coordinates and gravity. In classical description, we would say
that the presence of matter sets up a gravitational field, which then determines how
.objects move in response to that field. According to general relativity the presence
of matter causes space time to warp or curve, the motion of particles is
determined by the shape of the curvature of space time. General relativity gives
us a procedure for calculating the curvature of space time. Roughly this is given by

8nG ;
Curvature of space = —— energy momentum
¢t

where G is the universal gravitational constant. This equation is called Einstein’s
field equation in general relativity. When there is no mass, energy momentum is
zero so the curvature is zero and space is flat. In the limiting case ¢ — oo (classical
- mechanics) and in the limit of weak gravitational field the Einstein’s field equation
becomes Newton’s law of gravitation.

In non-technical terms what is actually Einstein’s theory of gravitation. The

~ gravitation of Einstein is entirely different from the gravitation of Newton. It is not

a force. Einstein’s law of gravitation contains nothing about force. It describes the

~behaviour of objects in a gravitational field - the planets, for example - not in terms
of attraction but simply in terms of the paths they follow.
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To Einstein, gravitation is simply a part of inertia; the movement of stars and the
planets stem from their inherent inertia, and the courses they follow are determined
by the metric properties of space. Although this sounds very abstract and even
paradoxical, it becomes quite clear as soon as one dismisses the notion that bodies

GMm

of matter can exert physical force (F =— ) on each other across millions of
r

kilometres of empty space. This concept of “action at a distance” has troubled

scientists since Newton’s day. It led to particular difficulty in understanding electric -

and magnetic phenomena. Today scientists no longer say that a magnet “attracts” a
piece of iron by some kind of mysterious but instantaneous action-at-a distance.
They say rather that the magnet creates a certain physical condition in the space
around it, which they term a magnetic field; and that this magnetic field then acts
upon the iron and makes it behave in a certain predictable fashion. Students in any
elementary science course know what a magnetic field looks like, because it can be
rendered visible by the simple process of shaking iron filings on to a piece of stiff
paper held above a magnet. A magnetic field and an electrical field are physical
realities. They have a definite structure, and their structure is described by the field
equations of James Clerk Maxwell which pointed the way towards all the discoveries
in electrical and radio engineering of the past century. A gravitational field is as
much of a physical reality as an electromagnetic field, and its structure is defined by
the field equations of Albert Einstein.

Just as Maxwell and Faraday assumed that a magnet creates certain properties in
surrounding space, so Einstein concluded that stats, moons, and other celestial objects

individually determine the properties of the space around them. And just as the -

movement of a piece of iron in a magnetic field is guided by the structure of the
field, so the path of any body in a gravitational field is determined by the geometry

of that field. The distinction between Newton’s and Einstein’s ideas about gravitation

has sometimes been illustrated by picturing a little boy playing marbles in a city lot.
The ground is very uneven, ridged with bumps and hollows. An observer in an office
ten stories above the street would not be able to see these irregularities in the ground.
Noticing that the marbles appear to avoid some sections of the ground and move
towards other sections, he might assume that a “force” is operating which repels the
marbles from certain spots and attracts them towards others. But another observer
on the ground would instantly perceive that the path of the marbles is simply governed
by the curvature of the field. In this little fable Newton is the upstairs observer who
imagines that a “force” is at work, and Einstein is the observer on the ground, who
has no reason to make such an assumption. Einstein’s gravitational laws, therefore,

v
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merely describe the field properties of the space-time con-tinuum. Specifically, one
group of these laws sets forth the relation between the mass of a gravitating body
and the structure of the field around it; they are called structure laws. A second
group analyses the paths described by moving bodies in gravitational fields; they are
the laws of motion.

Tests of general relativity

It should not be thought that Einstein’s theory of gravitation is only a formal
mathematical scheme. For it rests on assumptions of deep cosmic significance. And
the most remarkable of these assumptions is that the universe is not a rigid and
immutable edifice where independent matter is housed in independent space and
time; it is on the contrary an amorphous continuum, without any fixed architecture,
plastic and variable, constantly subject to change and distortion. Wherever there is
matter and motion, the continuum is disturbed. Just as a fish swimming, in the sea
agitates the water around it, so a star, a comet, or a galaxy distorts the geometry of
the space-time through which it moves.

When applied to astronomical problems, Einstein’s gravitational laws yield results

that are close to those given by Newton. If the results paralleled each other in every .

case, scientists might tend to retain the familiar concepts of Newtonian law and
write off Einstein’s theory as a weird if original fancy. But a number of strange new
phenomena have been discovered, and at least one old puzzle solved, solely on the
basis of general relativity. The old puzzle stemmed from the eccentric behaviour 0
the planet mercury. Instead of
revolving in its elliptical orbit with
the regularity of the other planets,
mercury deviates from its course
each. year by a slight but
exasperating degree. Astronomers
explored every possible factor that
might cause this perturbation, but
found no solution within the
framework of Newtonian theory. It
was not until Einstein evolved his
laws of gravitation that the problem
was solved. Of all the planets -
mercury lies closest to the sun. Itis - Figure 2.1: The rotation of mercury’s elliptica!
small and travels with great speed.  orbit, greatly exaggerated. Actually the ellips¢
Under Newtonian law these factors ~advances only 43 seconds of an arc per century”

|
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should not in themselves account for the deviation; the dynamics of Mercury’s
movement should be basically the same as those of any other planet. But under
Einstein’s laws, the intensity of the sun’s gravitational field and mercury’s enormous
speed make a difference, causing the whole ellipse of mercury’s orbit to execute a
slow but inexorable swing around the sun at the rate of one revolution in 3,000,000
years. This calculation is in perfect agreement with actual measurements of the
planet’s course. Einstein’s mathematics are thus more accurate than Newton’s in
dealing with high velocities and strong gravitational fields. '

Another prediction made by Einstein was the effect of gravitation on light.

The Sequence of thought which led Einstein to prophesy this effect began with
another imaginary situation. As before, the scene opens in an elevator ascending
with constant acceleration through empty space, far from any gravitational field.
This time some roving interstellar gunman impulsively fires a bullet at the elevator..
The bullet hits the side of the car, passes clean through and emerges from the far
wall at a point a little below the point at which it penetrated the first wall. The reason
for this is evident to the marksman on the outside. He knows that the bullet flewin a
straight line, obeying Newton’s law of Inertia; but while it traversed the distance

between the two walls of the car, the whole elevator travelled “upward” a certain

distance, causing the second bullet hole to appear not opposite the first one but
slightly nearer the floor. However, the observers inside the elevator, having no idea
where in the universe they are, interpret the situation differently. Aware that on

earth any missile describes a parabolic curve towards the ground, they simply conclude

that they are at rest in a gravitational field and that the bullet which passed through
their car was describing a perfectly normal curve with respect to the floor.

A moment later as the car continues upwards through space a beam of light is
§uddenly flashed through an aperture in the side of the car. Since the velocity of light
1s great, the beam traverses the distance between its point of entrance and the opposite
wall in a very small fraction of a second. Neverthe-less, the car travels upwards a
* certain distance in that interval, so the beam strikes the far wall a tiny fraction of an
| inch below the point at which it entered. If the observers within the car are equipped
with sufficiently delicate instruments of measurement, they will be able to compute
the curvature of the beam. But the question is, how will they explain it? They are
still unaware of the motion of their car and believe themselves at rest in a gravitational

field. If they cling to Newtonian principles, they will be completely baffled because

th'ey will insist that light rays always travel in a straight line. But if they are familiar
with the special theory of relativity they will remember that energy has mass in
accordance with the equation m = E/c%. Since light is a form of energy they will
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deduce that light has mass and will therefore be affected by a gravitational field,
Hence the curvature of the beam.

Yot i, B

Star 7(!)_.

Image -
-

Figure 2.2: The deflection of starlight in the gravitational field of the sun. Since the light from
a star in the neighbourhood of the sun’s disk is bent in wards, towards the sun, as it
passes through the sun’s gravitational field, the image of the star appears to
observers on earth to be shifted outwards and away from the sun.

From these purely theoretical considerations Einstein concluded that light, like
any material object, travels in a curve when passing through the gravitational field
of a massive body. He suggested that his theory could be put to test by observing the
path of starlight in the gravitational field of the sun. Since the stars are invisible by
day, there is only one occasion when sun and stars can be seen together in the sky,
and that is during an eclipse. Einstein proposed, therefore, that photographs be taken
of the stars immediately bordering the darkened face of the sun during an eclipse |
and compared with photographs of those same stars made at another time. |

According to his theory, the light from the stars surrounding the sun should be
bent inwards, towards the sun, in traversing the sun’s gravitational field; hence the
images of those stars should appear to observers on earth to be shifted outwards
from their usual positions in the sky. Einstein calculated the degree of deflection
that should be observed and predicted that for the stars closest to the sun the deviation
would be about 1.75 seconds of an arc. Since he staked his whole general theory of
relativity on this test, men of science throughout the world anxiously awaited the
findings of expeditions which journeyed to equatorial regions to photograph the
eclipse of 29 May 1919. When their pictures were developed and examined, the
deflection of the starlight in the gravitational field of the sun was found to average

VP
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1.64 seconds — a figure as close to perfect agreement with Einstein’s prediction as
the accuracy of instruments allowed.

Another prediction made by Einstein on the basis of general relativity pertained
to time. Having shown how the properties of space are affected by a gravitational
field, Einstein reached the conclusion by analogous but somewhat more involved
reasoning that time intervals also vary with the gravitational field. A clock transported
to the sun should run at a slightly slower rhythm than on earth. And a radiating solar
atom should emit light of slightly lower frequency than an atom of the same element
on earth. The difference in wavelength would in this case be immeasurably small.
But there are in the universe gravitational fields stronger than the sun’s. One of these
surrounds the freak star known as the “companion of Sirius” — a white dwarf
composed of matter in a state of such fantastic density that 1 cubic inch of it would
weigh a ton on earth. Because of its great mass, this extraordinary dwarf, which is
only three times larger than the earth, has a gravitational field potent enough to
perturb the movements of Sirius, seventy times its size. Its field is also powerful
enough to slow down the frequency of its own radiation by a measurable degree, and

spectroscopic observations have indeed proved that the frequency of light emitted

by Sirius’ companion is reduced by the exact amount predicted by Einstein. The
shift of wavelength in the spectrum of this star is known to astronomers as “the
Einstein Effect” and constitutes an additional verification of general relativity.

Stellar evolution

The predictions of general relativity were experimentally verified by the pres-

ence of large gravitational field produced by the sun. Another remarkable experi-

mental verification of general relativity is due to much more gravitational field pro-
duced by the collapse of stars. On the basis of general relativity we predicted the
stellar evolution and their collapses. A star collapsed into more compact objects like
white dwarfs, neutron stars and blackholes etc. in their final stage. We predicted

these and experimentally detected them provided addition verification for the pres--

ence of gravitational field and the general theory of relativity. Stellar evolution will
be discussed extensively in the forth coming chapter

The expansion of the universe

The picture of the origin of the universe began with the formulation of general
theory of relativity in 1915 by Albert Einstein. Solving the field equations Einstein
got an expanding universe. But he believed that the universe is static. So he modi-
fied his theory to make this possible by introducing a so called cosmological con-
stant into his equations (one of the greatest blunders that Einstein ever committed,

he himself admitted this). That is Einstein introduced a new antigravity force unlike
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other forces did not come from any particular source but was built into the very
fabric of space time. He claimed that space -time had an inbuilt tendency to expand
and this could be made to balance exactly the attraction of all the matter in the
universe, so that a static universe would result. Einstein and other physicists were
looking for ways of avoiding general relativities prediction of a non-static universe
but one man the Russian physicist and mathematician Alexander Friedmann instead
set about explaining it. : -

Friedmann made two very simple assumptions about the universe, one is
that the universe looks identical in which ever direction we look, the second one
is that this would also be true if we were observing the universe from anywhere
else. From these two assumptions in 1922 Friedmann showed that our universe is
non-static. Few years later (1929) the American astronomer Edwin Hubble experi-
mentally proved that we are living in an expanding universe. The discovery that the
universe is expanding was one of the greatest intellectual revolutions of the twenti-

eth century. ,

‘The evidence for the expansion of the universe comes from the observed change
in the wavelength of the light emitted by distant galaxies. According to relativistic
Doppler effect in terms of wavelength, we can write

" where ), is the wavelength emitted by the galaxy in its own frame, 3’ is the wave-
length we measure on earth and v is the relative velocity between the source of light
and the observer. - _
The light emitted by a star such as the sun has a continuous spectrum. As the light
* passes through the stars atmosphere some of it is absorbed by the gases in the atmo-
sphere, so the continuous emission spectrum has a few dark absorption lines super
_ imposed. Comparison between the known wavelengths of these lines (measured on
- earth for sources at rest relative to the observer) and the Doppler shifted wavelengths
enables us to calculate the speed of the star from the above equation.

If stars are moving away from us wavelength observed is found to be increased.
i.e, wavelengths shifted towards the longer wavelength (red) and stars moving to-
- wards us wavelength observed is found to be shifted towards shorter wavelength

(blue). The average speed of these stars in our galaxy relative to earth is about
 3x10°ms™'. The change in wavelength for these stars is very small. Light from
nearby galaxies also show small change in red shift or blue shift.
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However when we observe light from distant galaxies all are found to be red
shifted. From these we concluded that galaxies are receding from us. According to
Friedmann’s assumption we can conclude that any other observer in the universe
would draw the same conclusion. Combining the experimental observation and the
assumption of Friedmann, in general we can say that galaxies would be observed to
recede from every point in the universe. In other words our universe is expanding. -

Hubble’s law

In 1920 the American astronomer Hubble Edwin Powel (1889-1953) started us-
ing the 100 inch (1.5m) telescope on Mount Wilson in California. From this obser-
vation he concluded that spiral nebulae are not nebulae but distant galaxies. By
measuring the red shift of these distant galaxies he calculated the speeds of these
galaxies. At the same time he also devised a method to calculate the distances of
these galaxies. Hubble observed 46 galaxies and their distances and speeds. From
this he made two remarkable conclusions. The galaxies are moving away from us
and the further away a galaxy is, the faster it is moving away. This proportionality
between the recessional speed (v) of galaxies and its distance is known as Hubble
law.

ie., vocd
v=H.d
The proportionality constant H;, is known as the Hubble parameter.

The Hubbles plot of v versus d is shown in figure below. It is due to the uncer-
tainties in the measurement of the distance points obtained are found to be scattered

. However it gives a strong indication that v and d are linear.

Y

%\ E 3 x 10° 4 /
& 1000 z %
2 g s
.g <60 E 2x10* ?‘2
ol -
& 2 10
o= 0 o
22 3
= 0
0 1 2 0 100 200 300 400 500
Distance (Mpc) £ Apparent distance (Mpc)
: (a) (b)

Figure 2.3



126 Relativistic Mechanics and Astrophysics

More modern data based on observing supernovas in distant galaxies are showy
in figure above. From this the value of H, was calculated. The slope v-d graph

gives H, . The value of Hubble parameter calculated to be
H, =72kms™ (Mpc)™"
1Mpc = Million parsec
I Parsec = 3.08x10"m

72%10°ms™
3.08x10%m
The Hubble parameter has the dimension of inverse time.

The inverse of H, gives

H, =

0

= 2338x10"°s!

1 1 .
H, 23.38x10™"

Y 17
1; =]033x312 s =4.28x10"s
) .
or L=4.28><10”s
H,
I 4.28x10"
or =

H, 3.15x10 °

I
—=13.59%10° vears
H, Ty

atlic g of G o0 ¢ that the inverse of Hubble parameter is almost

Hubble's law was enunc
stalled a 200 inch (3m) P
distant galaxies in all direc
fectly correct, it follow

lated in the year 1929, After about 20 years Hubble it
alomer telescope, Through (hig telescope he observe
tions and concluded thyy what Fricd!;mnn said was per
s that distributiop matter is uniform in all direc;tions.
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Note: 1 AU=1.496x10"m a
1ly=9.46x10"m .
 1pc =3.261y =3.08x10"m

Relation between v and d

Consider the universe represented by the three dimensional coordinate system
shown in figure below, where each
point is a galaxy, with the earth at
the origin we can determine the
distance of each galaxy. Consider

two galaxies I and II. Let d, be the

distance of galaxy I and d, thatof

galaxy II from the origin. If this
universe were to expand with all
points becoming farther apart.

Then d, goes to d; and d, goes

to d;, (see fig. below). So we can

write

d| =k d,
d, =kd,
or in general we can write
d=kd

~. The recessional velocity of any
galaxy is

(b)

Where t is the time in which the mgmu: The expansion of a coordinate space,
showing that the apparent speed of

distance d goes to d'-
recession depends on the distunce, d,
L kd—d d(k-1 is greater than d, and d, increases
fovE——=— faster than d,
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If we compare two galaxies, we have
b G
VZ d2
This is identical with Hubble's law
v=H,d
ie. vad

This shows that if distance of galaxy is large recessional velocity of the galaxy is
also large. '

We can demonstrate the expanding universe with an analogy. Take a spotted
balloon. Each spot represents a galaxy. When we inflate the balloon, one can see
that each spot is moving away from the others. (see figure below) £

(@ - M

Figure2.5: Asaballoonisinflated, everyv observer on the surface experiences
a velocity distance relationship of the form of the Hubble law

Consider another analogy. Take a loaf of raisin bread and place it in an oven. As
the bread expands every raisin observes all the others to be moving away from it and
the speed of recession increases with the separation. See figure below.

So far we arrived at the expansion of the universe on the basis of relativistic.
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Doppler effect. Actually correct interpretation
of the cosmological red shift should come
from general theory of relativity. According
to general relativity the shift in wavelength is : :
caused by a stretching of the entire fabric of (a)
space-time. Imagine small photos of galaxies '
glued to a rubber sheet. As the sheet is
stretched, the distance between the galaxies
increases. This stretching of the space between
the galaxies causes the wavelength of light
signal from one galaxy to increase. At low
speeds Doppler red shift gives correct results. |
However for very large cosmological red (b)
shifts, a more correct analysis must be based
on the stretching model. According to stretch-
ing model , '

A R,

Figure 2.6: Another syStem in \.vhich
the Habble law is valid

A R

where R, represents size of the universe at present and R represents the size of the
universe at the time light was emitted. ) is the wavelength of light received now -
and ) is the wavelength light when it was emitted.
Example 2 | ' _

A distant galaxy in the constellation Hydra is receding from the earth at '

6.12x10"ms™". By how much is a green spectral line of wavelength 500nm emitted
by the galaxy shifted towards the red end of the spectrum. Also calculate the galaxy

distance. Take HL =14x10’ years.

0

Solution
A =500x 10°m
v=6.12x10"ms™

7
v _6.12x10° _ 04

c  3x10°
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+Y 1+0.204

Y , [1+0.204
Using A'=A 3 = 50010 1-0.204
| \1__ -

C

fl 204 9
' -9 =500x10 ><123
A'=500x10 0.796

A'=615nm

. The shift in wavelength =615 —500nm =1 15nm
Using_ Hubble’s law

v-—-Hod'

d= Hl = 0.204c x 14 x10° years

0
d=0.204x14x10light years -
d=2.856x10’ light years
Example 3

Use Hubble law to estimate the wavelength of the 590nm sodium line as 0
served emitted from galaxies whose distance from us is ( a) 1.0x10° light years (!
1.0x10° light years. Take H, —72kms (Mpc)™
Solution

A=590%x10"°m

a) d =1.0x10°light years

Using v=HJd
H, =72kms™ (Mpc)-" "
I parsec = 3,26 ly

1.0x10°
3¢ Parsec

d = 0.307Mpe

d=

=0.307x10¢ parsec
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put this in equation 1, we get

km 1 :
S e +0.3( ;
\ s Mpe 07Mpce

V=22.IEB‘= 22.1x10"ms™"
S

22.1x10°
%=%;%=7.37x10ﬁ*

v

e 1+7.37x10~
) C _ o R :
T Y _590><109\/ : -
\ Y 1=7.37x10

Cc

A'=590%10° =590nm

1.0x10°
3.26

d =3.07x10%pc =307Mpc
v= H,d

i -307Mpc
s Mpc

b) d=1.0x10°1y = pc

=72

v=22104 X _221x107ms™

1.0737
Al=S§ 9 |
A =390x107415 5763
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A =590x10" x1.08

A =6372x10"°m
- A'=637.2nm

The cosmic microwave background radiation

In 1923 Friedmann showed that our univérse is non-static. Few years later (1929)
Hubble experimentally confirmed the expansion of the universe. In 1940 George
~ Gamow, a student of Freidmann, suggested that if we are living in an expanding
universe and when we go back in time we get the early universe which must be hot
and dense. Far enough back in time, the universe would have been too hot for stable
matter to form. Its composition was then a gas of particles and photons. |

The unstable particle eventually decayed to stable ones and the stable particles
eventually clumped together to form matter. The photons that filled the universe
remained but their wavelengths were stretched by the continuing expansion of the
universe. Today those photons have a much lower temperature but they still uni-
formly fill the universe. This was first suggested by two American scientists. Bob
Dickse and Jim Peebles. They argued that if Gamow said is correct we should still
" be able to see the glow of the early universe, because light form very distant parts of
it would only be reaching us now. This glow of t_hé early universe is known as the
cosmic back ground radiation.

This picture of a hot early stage of the universe was first put forward by the
scientist George Gamow in a famous paper written in 1948 with his student Ralph
Alpher. Gamow had quite a sense of humour- he persuaded the nuclear scientist
Hans Bethe to add his name to the paper to make the list of authors “Alpher, Bethe,
Gamow’’ like the first three letters of the Greek alphabet. Alpha, beta, gamma. Par-
ticularly appropriate for a paper on the beginning of the universe! In this paper they
made the remarkable prediction that radiation (in the form of photons) from the very
hot early stages of the universe should still be around today, but with its temperature

reduced to only a few degrees above absolute zero( —273°C ). At the time of publish-
ing this paper, not much was known about the nuclear reactions of protons and
neutrons. So predictions made for the proportions of various elements in the early
universe were rather inaccurate. Gamow and others prédiéted that the background
radiation would be at a temperature of the order of 5K to 10K and energy of the

order of 1072 eV or a wavelength of order Imm. As this wavelehgth lies in the mi-

crowave region. The background radiation is called microwave back ground radia-
tion. So they could not predict the temperature or energy of the back ground radia-
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tion correctly. But these calculations have been repeated in the light of better knowl-
edge and now agree very well what we observe. ,
Calculation of the energy of the microwave background radiation

Consider the whole universe as a black body emitting radiation at the tempera-
ture T. From this we can calculate the average energy per photon at temperature T.

According to Planck’s radiation law, the number of photons in the frequency

range v and v+dv is

Vdvo 1
n()do=2 Y L e (D)
1

Since each photon has energy hu, the energy density

Total energy _ n(v)hv

V)=
u(v) Volume Vv
8th vldv
u(v)dv =—; = a ke (2)
et -1

To get the total energy density we have to integrate the above equation over all
possible frequencies i.e, from V=0 to L=c0

' 8nh ¢ v’d
Thus _.[ u(o)du_ e I ho
OeLT 1
Put h—u—x th hd—o—dx
u WX .en T
sm[ fo
13
2 43 o
dx =—
The value of ,!ex_l 15
8’k T?
=W ..... )
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et the total number qf ho.
| Integratmg equations (1) from v=0 to V=00 We 2 P
tons,

8tV F vidu
2

N ='J'n(u)du =
-0 0 ekT _1‘

hU hdv
=X, then — =dx we get

R I:f“*

x“dx | '
1. 2.404 (See example 4)
0 . N R

N 19.23mcT?
AV

..... 4
The average energy of the photon , |
E.— Total energy U
Total number N
= U u
or E= — RN ‘
vNTE
A% \Y%
E _ 87'5-5k4T4 C3h3
15¢’h° 19,2303
15%19.23
Subsutut}ng the value of k =0.8625x 104 eVK"
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8xm*x0.8625%x107*T
15x19.23

E=2325x10"TeV.

This is the expression for average energy per photon in terms of temperature T.

Now we look at the experimental evidence for the existence of microwave back-
ground radiation and the determination of its temperature.

Put v= % , then dv = —%dk in equation (2), we get

-5
u(A)dA = thic A dA

eMT —1

- This shows that energy density u at any wavelength 7 is enough for the determi-

nation of temperature T. But the radiation actually will be a spectrum, so to measure
temperature we require measurement over a range of wavelengths.

The first experimental evidence for the existence of this microwave radiation was
obtained in the year 1965. In this year two American physicists at the Bell telephone
laboratories in New Jersey Arno Penzias and Rober Wilson, used a microwave an-
tenna tuned to a wavelength of 7.35 cm. At this wavelength they recorded an annoy-
ing hiss from their antenna that could not be eliminated, no matter how much care
they took in refining the measurements. After pains taking efforts to eleminate to the
noise they concluded that it was coming from no identifiable source and was strik-
ing their antenna from all directions, day and night, summer and winter. From the

- radiant energy at that wavelength they deduced a temperature of 3.1£1.0K . It was

later concluded that the radiation was nothing but the microwave background radia-

tion, the remnants of Bing-Bang. For this discovery Penzias and Wilson shared the
Nobel Prize in Physics. .

The temperature of the back ground radiation deduced by Penzias and Wilson
was not that much accurate. This is because no precise data were available below a
wavelength of 1 cm due to atmospheric absorption. After that several sophisticated
and refined experiments have conducted. The most recent measurements were made
with the Cosmic Background Explorer (COBE) satellite, which was launched into
earth orbit in the year 1989 and the Wilkinson Microwave Anisotropy (WMAP)
satellite which was launched into solar orbit in the year 2001. The COBE and WMAP
satellites were able to obtain very precise data on the intensity of the background
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radiation in the wavelength

range between 1 cm and 0.05 i ﬁ’%"i
cm. The results from the ' o Fs(e“—l)
COBE satellite was plotted 5 Put hy = ¢
shown in figure 2.6. The data 5 N 8e?
points fall precisely on the : U(E)m
solid line which is calculated 2 |

from equation (2) for a tem- 0

perature of T=2.725 K. For 0 05 10 05 20 23
this remarkable result EinmeV

achieved by John Mather and Figure 2.6

George smoot were awarded

the 2006 Nobel Prize in Physics.

Using the deduced value of T = 27K in e

quation (4), we can see that there are
about 4,0x10* photon /m?, The average ene

gy per photon is
E=2.325x10" x2.7eV
E=6.3x10"ev |

Calculating the number of photons of the

to be almost COnstant till late. (after nearly
14x10° years),
Example 4

Evaluate he integral J"de given i‘“l:, =—
Cl -1 n=
Solution ’ e

Using
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w 0
I= ZIC-(n+1)xx2dx
0

n=0

Using the standard integral Ie'“"x“dx =nl(a)™"
: 0

I=>2!n+)™
n=0 '

=1
1=23 =
n=0 (n + 1) Zl ’
TC3
I1=2. =2.404
5.7
Dark Matter

A galaxy is a huge collection of nebulae (gases), stellar remnants and billions of
stars and their solar system held together by gravity. There are six types of galaxies.
They are spiral, elliptical, active, dwarf and irregular galaxies. Many galaxies have
~ spiral structure with a bright central regions containing most of the galaxies mass
and several arms in a flat disc. The entire structure rotate about an axis perpendicu-
lar to the plane of the disc. We belong to milky way (spiral) galaxy, where sun is in
one of the spiral arms at a distance of 8.5 kpc from the centre and has a tangential

velocity of 220 xms™!. At this speed it takes about 240 million years for a complete

rotation. During the life time of the solar system of about 4.5 billion years, the sun
has made about 20 revolutions.

To analyse the motion of stars, in the galaxy we can make use of Kepler’s har-

monic law of motion (T?o r?) because stars in the galaxy are bound due to gravita-

tional force. We assume that the gravitational force on the sun is due to masses at the
centre of the galaxy. The other stars in the spiral arm, whose mass contribution to
the force on the sun is negligibly small. According to Kepler’s third law, we have

4n? ,
GM

T? =

TR
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L thi - n of radius I.
where M is the mass contained within region ’

Using T=2™ we get
v

/GM )

V=, —

. r !

Put v =220kms™" =220x 10*ms™

£ = 8.5kpc = 8.5x10° x3.08x10"° =26.18x10°m -

v (220x10%)* x 26.18x10”m
G 6.67x107™"

22?x10* x 26.18x10" -
6.67x107™"

_ 227x26.18

10*k
667 - &

M =19x10"kg
M, =19x10%kg

4 :
-_-% ~10"! solar mass.
1.9x10 -

This shows that a mass equivalent of 1(!!

>

solar masses lies within the Sun’s orbit.

According to this model, we expect stars
beyond the Sun to have tangential velocity that
decreases with r. Within the solar system all
planets exactly and precisely follow this mode] -
- However we observe that v is almost constant
or perhaps increases slightly for stars beyond
the Sun. See figure below. Other galaxies also
show the same effect. This shows that eithe
the model is not correct or there is someth; r
missing. 7 g

Tangential velocity kms™

Distance from centre (kpc)

Figure 2.7
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The tangential speeds of stars in distant
galaxies can be measured by the Doppler shift
of their light. If we are viewing a galaxy along
the plane of the disc, then one side will al-
ways be moving towards us and the other will
always be moving away from us. From the
difference between the Doppler shifts of the
light from the two sides of the galaxy we can

Expected

VQI' ~

504

Tangential velocity km/s
)
S
1

1
calculate the rotational speed from this mea- 0 0 20 %0
surement, we can determine how the tangen- Distance from centre (kpc)
tial velocity of the galaxy depends of the dis- Figure 2.8

tance from its centre it is observed that the

tangential velocity found to be constant throughbut the visible part of the galaxy.
See figure 2.8. =

In other words the results obtained are not consistent with Kepler’s la\.N. In order

. to maintain the status quo of Kepler’s law as well as the observational evidence t-hat

'vis independent of r, there is a simple way. if we assume that M is a linear function

“of r, both are satisfied. But this assumption is not correct because most of the masses
are concentrated in the central region of galaxy.

To resolve this it has been concluded that there is a large quantity of invisible
matter in galaxy which contributes to gravitational force. This invisible matter is
called dark matter. To supply the required gravitational force this dark matter must
have atleast 10 times the mass of the visible matter in the galaxy. That is more than
90% of the matter in the galaxy is in the invisible form.

Dark Matter

Dark matter is a term used to describe the invisible form of matter that can

be inferred to exist from its gravitational effects, but does not emit or absorb
detectable amount of light.

The adjective dark is used since it (almost) neither emits nor absorbs electromag-
netic radiations.

According to the present cosmological evidence, dark matter is that some-
thing which provides the gravitational attractive force that keeps this together

and explains how the cohesion of stars, galaxies and even the galactic clusters is
possible.

The evidence for the existence of dark matter comes from the observation of light
from distant galaxies that passes by a cluster of galaxies on its way to earth. This
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light is deflected by the gravitational field of the cluster in a process known as gravi-
tational lensing. From the amount of deflection of the light, it is possible to deduce
the quantity of matter in the cluster. The results of these observations show that
there is much more matter in the cluster than we would deduce from the luminous
matter alone provide evidence for the existence of-dark matter.

Finally we discuss what kind of objects make up this dark matter. There two
speculation in this regard. One is that dark matter is a Massive Compact Halo Ob-
jects (MACHO) which includes black holes, neutron stars, white dwarfs, brown
dwarfs etc. The other is that dark matter is a Weakly Interacting Massive
Particles(WIMPS) which include neutrinos, magnetic monopoles etc. The major
difference between the two types of objects is that MACHOs are made from baryons

while WIMPS are non-baryonic matter current theories suggest that the most of the
- dark matter is of the non-baryonic form. But no examples of this types of matter
have yet been produced in any laboratory on earth except neutrions.

Itis not nice to go without mentioning dark energy though it is not in the syllubs.
Dark energy

It is a hypothetical form of energy that permeats all space and enters a nega-
tive pressure, so as the universe expands, the pressure increase and causes the
universe to expand at an ever increasing rate. ‘

Dark energy is a kind of repulsive gravity, actually pushing the universe apar.t.
The effect of dark energy is small for objects of the size of galaxies and stars but is
critical for understanding the large scale structure of the universe.

Are dark matter and dark energy related

- It is natural to conjecture the dark matter and dark energy as two different mam
festations of the same physical quantity according to Einstein’s mass energy equiva-
lence. But the two do not seem to be related to each other. '

Dark matter is the force that keeps the universe together and explains how the
cohesion of stars, galaxies and even the galactic clusters is possible. Dark energy, on
the other hand, is the force responsible for the acceleration of the expansion of the
universe at an ever increasing rate. The influence of dark matter is attractive where

as that of dark energy is repulsive. Thus dark matter and dark energy are two com-
peting forces in our universe.

Cosmology and general relativity

So far we have been dealing with general theory of relativity and its predictions.
Now we discuss another area where general relativity has proved to be useful almost
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from its inception. This is the branch of astronomy dealing with the large scale
structure of the universe as a whole: briefly called cosmology.

Cosmology deals with the study of the universe on the large scale, including its
origin, evolution and future. For this study we require relativity (both), quantum
theory, the fundamental results from atomic and molecular physics, statistical phys-
ics, thermodynamics, nuclear physics and particle physics.

In general relativity the governing equation is the Einstein’s field equation, which
reads '

' : 8nG .
Curvature of space =—— mass energy density.
c

‘This equation describes the entire universe. Since our aim is to draw cosmologi-
cal predictions, we are not interested in the local variations in energy density but
rather in the large scale variations of the energy density. The average density of the
entire universe over a distance that is large compared with the spacing between
galaxies is called large scale variations in the density.

It is due to the expansion of the universe, the density of the universe is not a
constant i.e, density p is a function of time. Solving Einstein’s field equation for the
large scale structure of the universe we get

. 2 : |
(ﬁj = S_ﬂ: GpR2 — Kcz
dt 3

This is known as Friedmann equation. Here R(t) represents the size of the uni-
verse at time t, p represents the mass-energy density of the universe at timet. Kis a
constant which gives geometrical structure of the universe.

For K = 0, the universe is flat
- K =1, the universe is curved and closed
k = —1, the universe is curved and open.

To solve Friedmann equation we have to specify the value of K. On the large
scale; our universe seems to be flat, so we take K = 0.

dRY 8n. _,
— | ===GpR
(dt) 3OPR° (1)

The mass energy density p includes both the matter and radiation present in the
universe. But the present universe is dominated by matter and the contribution of
radiation to p is negligible.
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MM
P v

As M is constant p_ o R™ ,

Putting this value in the above equation (1), we get
(8] -0
3

' (9&)’_29&
S\ dt R

dR _\2GM '
- 1 '
or dt R2
1 _
R2dR = +2GM dt
Integrating, we get

, |

s
%—:JZGMI
2

or - R2=

5 A
EE ='%At‘3
d 3

dR ‘
- Putting the value of R(t) and_ :1? in equation (1), we get
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-1\2 -
(%AH] =§37_!Gpm.A2 (43

3
%Az t? - %E(}pm A2 {413

ft =
6nGp,,
In contrast, the early universe was dominated by radiation, the contribution to p
from matter is negligible. Here radiation density p, a R™. This is because from
Plank’s radiation law

dA

2

_—\/— - This is the expression for the matter dominated universe.

energy density y

when all the wavelengths scale withR dA o R and A’ o R’

sop, a R™
proceeding as before we get

1

R(H)=A't?
+ and t= |- 32 _ This is the expression for the radiation dominated universe.
nGp, - ,

Now we introduce the Hubble parameter which can be defined as time variation of
the scale factor R.

g=l &R
_ R dt
If the universe has been expanding at a constant rate, ie, Rat

or R=Bt,

le,

or , t = H—l




144 Relativistic Mechanics and Astrophysics | | ‘
: of the Hubbles parameter, ,,

e iprocal
In this case the age of the universe 1 the recip |

the matter dominated universe, we have

R()=A (273

dR _ A__2_ =113
dt 3

2
t=—H"
or. 3 _

For the radiation dominated universe, we have

R(t) =A1/2 ‘tl/2

1
t=—H"'
we get >

This shows that in either case we can take ! as rough estimate measure of the

age of the universe at any time. | _
The above discussion shows that we can characterise the universe by several
parameter such as K, p, R(t) and H. The challenge to the obsérvational astronomer
Is to obtain data on the distribution and motion of the stars and galaxies that can be
analysed to obtain values for the above parameters, |

The big bang cosmology

Our present uniw?rse is characterised by a relatively low temperature (2.7K) and
a low density of particles. In other words Present universe is matter dominated. This

b
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plasma of electrons and positive ions and electromagnetic force was important in
determining the structure of the universe. As we go back again in time the tempera-
ture of the universe must have been enough to ionise nuclie. This time universe
consisted of electrons, protons and neutrons along with radiation. In this time the
strong nuclear force was important in determining the evolution of the universe. At
still earlier times the weak interaction played a significant role.

If we try to go back in time still further universe consists of leptons and quarks. In
this time quarks, leptons and radiations were important in determining the evolution
of the universe. Since we do not know much about quarks and their interaction. So
we can’t describe this very early state of the universe. Quarks and their interaction
are now not subjects of particle physicists and they are in the hot pursuit of discov-
ering it. The signatures of quarks have been observed at Geneva-Switzerland some
year back. We now strongly believe that one day we will be able to understand the
interactions and their properties completely, then we can go back still in earlier
times. Eventually we reach a fundamental barrier when the universe had an
_age of 10~s, which is known as Planck time. None of the theories in physics
gives us any clue about the structure of the universe before Planck time.

Later than Planck time but before the condensation of bulk matter the universe
consisted of particles, antiparticles and radiation was almost in thermal equilibrium
temperature T. The universe at this time is radiation dominated. To evaluate the
temperature T at this time we make use of the relation.

o 3
32nGp,

. ' u . 871:5](4 4
U = — d u=
Slng . pr C? an 15 c3h3
8rKT
o P = s on

3x15¢°h?
t=
321G 87°k*T!

(= |45 ch 1
256 Gn'k* T’
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114
45 ¢’ 1 A .

6, 4 2 a2 kelvin
256 Gk t te - _

substituting the valuesof ¢, h, Gandk -
weget  A=15x10"
_1.5x10"

. T t112 K

The equation relates the age of the early universe to its temperature.

The radiation of the early universe consisted of high energy photons, whose aver-
age energy is estimated as kT. The interactions between the radiation and matter can
be represented by our familiar processes.

Photons — particle + antiparticle
Particle + Antiparticle — Photons

For example 2y e’ +e”
e +e” o2y

From conservation of energy and momentum
flmec2 =2hv

or © m,c’ =hv=0.511 MeV, minimum value of photon
Example 5 |
- At what age did the universe cool below the threshold temperature for (a) nucleon

production (b) pi-meson production. m, =1.67x10™"kg and m, =140MeV

Solution
a) To calculate the threshold frequency, we can make use of
mc’ =kT
1o’ _L67x107 x(3x10%)’
k 1.38x1072
1.67x9x10™ .
T=—22X"_ _109x10°K

1.38x107%
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1.5x10"

1/2
t

USing T =

(1.5x10")>  2.25x10%
t= 2 = 2 %
T 1.09*x10

t=1.89x107°s |
b) The mass of pi-meson m, =140 MeV

mc®  140x10°V - B
k 8.617x107°eV/K. e |

T=1.62x10"ZK

(1.5x10")?

Age of the universe f=——>""" 7 _
: (1.62x10')?

[ 225x10° _ 2.25

= = x107's
1.62*x10* 1.627

t=8.57x107s
Example 6

At what temperature was the universe hot enough to permit the photons to pro-
duce K mesons (500 MeV) ? At what age did the universe have this temperature.

Solution

mc®> _ 500x10°eV
k 8.617x107eVK™

T= =5.8x10"K.

(1.5x10‘°

S—S_W] =6.68x10"s ,
Bx ‘ Ce FL

We begin to analyse the evolution of the universe from lpus (age of the universe)

DAt t= lpS

The temperature of the universe can be calculated to be T — 1-3% 10"
T= _Tl_z___
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ie., =ti—%§%= 1.5x10"K
The energy of the particles is =kT | .
= 8.617x107° x1.5x10"eV -
=1300MeV | |
At present the temperature of the background radiation is 2.7K and the obsery-

able radius of the universe is 10%m. At 1ps , the temperature is raised to 1.5x10"K,

At 2.7 K, the size is 10%m
At 1K, the size is 10 x 2.7

10%x2.7

At 1.5x10"K, the size is
, . ©1.5%x10"

| =1.8x10"m |
So the size of the universe at lus is about the presént size of the solar system
(10”m ). At energy about 1300MeV; the particle present are P P> 0, 1, €, e’y

ut, m n°, n, nt, photons, neutrinos and antineutrinos etc. So particle creation

and annihilation may occur, so the number of particles is almost equal to the number
of antiparticles. Further, the number of photons is roughly equal to the number of
nucleons, which in turn roughly equal to the number of electrons. But the relatl"e
number of protons and neutrons is determined by three factors.

(i) Boltzmann factor -4 decides which one is larger in number.

AE=(m_ - mp)c2 =(939.56-938.27)MeV = 1.3MeV

kT = 8,617x10“'5%-1.5x10”K =13x10%V

AE .
kT =1300MeV. So ¢ ¥ _ —m,— 09991

Thus number of the protons is almost equal to the number of neutrons.
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-y The nuclear reactions suchas n+v_=p+e”, Rn+e =p+D, _
(1 : e P
neutrons and protons are produced in both directions as long as there are plenty
of e,e’, v, and U,

(iii) The neutron decay time is about 10 minutes. So when t < 1s, there is not enough

time for the neutron to decay. All the above three factors keep the neutron to
' proton ratio close to 1.

2) Att= 107%s we can calculate T=1.5 xlo“K and kT =13MeV . This shows
that photons have too little energy to produce pions and muons and because of
pion and muon life times are much shorter than 10725, they might have decayed

into electrons, positrons and neutrinos. At this energy pair production of nucleons
and antinucleons no longer occurs, but nucleon-antinucleon annihilation
continues. But pair production of electrons and positrons can still occur. So at

A - . _
t =1072s, universe consists of P> ™ € » €, photons and neutrinos. The neutron
to proton ratio remains almost about 1.

" 3) Att=ls

The temperature of the universe becomes T =1,5x]10'°K and kT =1.3MeV .
The neutron - proton ratio

_AE 1.3MeV
_N_—pe kT_el3MeV_e _037
N, :
. . N, 1 1
- The relatative number of protons = = =0.73
: N,+N, . No 14037

P

This shows that there are 73% protons and 27% neutrons. During this period the

influence of the neutrinos has been decreasing. To convert a proton to a neutron by

capturing an antineutrino (U, +p—> n+e€”)  antineutrino having energy atleast 1.8
MeV above the mean neutrino energy (1.3MeV) at this temperature. This begins the
time of neutrino decoupling. Since the capturing of neutrinos no longer occur, it
begins to fill the entire universe and neutrinos cool along with the expansion of the
universe. These primordial neutrinos presently have almost the same density of mi-
crowave photons but a slightly lower temperature t = 2K.

oy
5
P
e
O]
o
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4) Att=06s

the average energy . -
KT =8.617x107x6.12x10° =4.99x10™
=0.499 MeV | . _ B t ” 8
This energy is not sufficient to produce electron-positron pair. Bu g eCtmn'POSIt,rqn
annihilation continues and almost all positrons and 99.999% electrons ares are anyj.
hilated. Since the electrons have too little energy (0.499 MeV) , Converslf)n of pro.
ton to neutron cannot occur. However the weak interaction process that influence
the relative number of protons and neutrons is the radioactive decay of the neutrop
Since the decay time of neutron is 10 minutes this will not occur. NQW there are 4
about 84% protons and 16% neutrons. i.e., proton number is about 5 times th

neutrons at this stage there are no remaining positrons or antinucleons because par-
ticle-anti particle annihilation hag reduced the number of nucleons while the photon -
number remains the same and there are about 10°

of neutrinos.

i.e., att =6s

N photons and the same number

The number of pfotons =N
The number of electrons = N

The number of neutrons = N

—

5
The number of photons = 10°N

SCUSS at what tepy,
ms begin to Occur,
We found that the age of the upjye
neutrons and Photons were Present, ¢
sible 1o form deuterong CH).

Perature and age of the universe, the form*

TS€ goes from 106 . tons
0%s to time pro—
UPpose pey, tron 6s all the

§ and protons collide it iS
- i.(:,,, ,‘.*,pm_*? li+7

andalso y42 0 p.

e e e A ot g ] e
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we know that the binding energy of deuteron is 2.22 MeV. Thus in order to form
deuterons the energy of photons must be less than 2.22 MeV. If the photons have

energy greater than 2.22 MeV it will break up the deuterons formed. The tempera-
ture corresponding to 2.22 MeV is,

_ 2.22MeV Vi
8.617x107°
6 .
T=8—2£1%%=2.57x10‘°1(
! X
T=2.5%x10"K

This shows that when the temperature falls below 2 5x10'*K stable deuterons

will be formed. However this does not occur. This is because photons do not have
single energy.

The photon energy distribution is a
spectrum. A small fraction of photons
has energies above 2.22 MeV and this
will continue to break the deuterons.
See figure 2.9.

N(E)

Before matter and antimatter anni-
hilation occured, there were about as
many photons as nucleons and anti- Energy i
nucleons, but after t = 102s the ratio Figure2.9: The thermal radiation spectrum.

The photons above g, =2.22MeV

. 1 are sufficiently energetic to break
Out of these about g %107 of the nucle- apart deuterium unclei

€

of nucleons to photons is about 107 .

ons are neutrons. If the fraction of photons above 2.22 MeV is greater than 16){ 107, .

there will be atleast one energetic photon per neutron, which effectively prevents
deuteron formation. Our next aim is to calculate to what temperature the photons

must cool before fewer than l6x 10~° of them are above 2.22 MeV.
We have the relation

8nu’Vdu 1

n(v)dv = -

-]
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n(v)dv _ 8mu’dv
NV Gk

Put hu=¢, hdu=de

n(v)dv 8x ¢’ de 1

Vv h303 e'kif _1

£

since - e> kT, ~g K

ekt —1

n(v)dv 8mg® -&
(\3 = el Tde

Integrating this we get the total number density

n(v)ddo F8mg? -=£
Vv '([ \Y% '([ hic? &
N_ £°81ta e “dg T 81 £
vV ! -]13—38 e ¥de

Where g, = 2.22 MeV

“Thus
(0,
A" e3¢, h303 q’e € de
Integrating by parts we get
(N) " 8n & 2
5| ==K e (e 2,
\" 3.3 c 2L | 4%
£>gg h C [ kTJ kT +2}

Recall our expression for N l9 k3

¢ 3
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. v
=042¢e ¥ -0 +220 ‘
{(kTJ kT +2]

To prevent deuteron formation, the fraction must be %x 10

l - —% 80 : EO
—x107 =0.42e L 429437
6 KT kT

Put Lo _4
! KT

%x 10 =0.42e7* (x* +2x +2)

or e* =6x0.42x10°(x* +2x+2) j
e* =2.52x10°(x* +2x+2) |

Solving this we get x =28
Thus, —=28

& 2.22MeV ‘ S

kx28 8.617x10"%x28

9
3 2.22x10° =?_22><10 K
= 3617x10°x28 8.617x28

T=92x10°K =9x10°K




154 Relativistic Mechanics and Astrophysics

This shoWs that when T >9x 10K , the- number of photons with €> 2.22Mev

the deuteron formation is prevented. When T < 9x10°K deuterons are produced,
The age of the universe corresponding to this temperature

2

(1.5%x10")
. T )

{=

(15x10°
t=| 222101 9775 = 2508
\ 9x10° )

This shows that after about 250s deuterons begin to form. Then deuterons react
with protons and neutrons available to give helium and tritium.

’H+p— He+y

and H+n>’H+y
The energies of the formation of these nuclei are 5 .49 MeV and 6.26 MeV re-
spectively. The reaction continues to give *He

‘He+n —“He+y

and ‘H+p—‘He+y
There are no stable nuclei with A = 5, so no further reactions of this sort are
possible. It is also not possible to combine two helium *He to form beryllium 2Be.
Since Be is highly unstable. It would be possible to form stable ¢y ; and Li, but
these are very small in quantities relative to H and He. From Li further reactions are
possible such as ’ Li+‘He — "B and so forth, but these occur in still small quanti-
ties. The end products 2y and He along with the left over original protons make up
about 99.9999% of the nuclei after the era of nuclear reactions.
~ When the age of the universe is t = 250s, the original 16% neutrons present at t=

6s had beta-decayed to about 12%, leaving 8% protons. Most of the ’H, *H and
e were transformed into heavier nuclei. So we can assume the universe to be

composed mostly of ' and 4 e nuclei. Of the N nucleons present at t = 250s, 12%
(0.12N) were neutrons and 0.88N were protons. The 0.12N neutrons combined with
0.12N protons forming 0.06N “He and leaving 0.88N—-0.12N =(.76N protons.
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The universe then consisted of 0.82N nuclei, of which 0.06N (7.3%) were *He and

0.76N (92.7%) were protons. Helium is about four times as massive as hydrogen. So
by mass the universe is about 24% helium.

At this point the universe began long and uneventful period of coolmg during
which the strong interactions ceased to be of importance.

The final step in the evolution of the primitive universe is the forrnauon of neu-
tral hydrogen and helium atoms from the 1 H, 2 H, 3He and 4He and the free
electrons. In the case of hydrogen, this takes place when the photon energy drops -
below 13.6eV. Otherwise atoms will be ionised by the radiation. There are still about

10° photons for every proton and so we must wait for the radiation to cool until the

fraction of'photons above 13.6eV is leés than about 10~ . As before we can solve
_ for T, for the fraction F=10". We get % =6 with g, =13.6eV. . T = 6070K

which occur at time 6.1x10'?s =190,0000 years. This estimate is only a rough one,
because for those calculation we considered only energy density of the radiation
present in the universe. But as the universe cools, the contribution of matter to the
energy density becomes more significant, so the temperature drops more slowly
‘than we would estimate. This contribution may increase this time by about a factor
0 2 to about 3,80,000 years, and the radiation temperature is decreased by about a

factor of /2 ,to T =4300 K.

After the formation of neutral atoms, there are virtually no charged particles left
in the universe and the radiation left is not energetic enough to ionise the atoms.
This is the time of decoupling of the radiation field from the matter and now the
electro magnetism, the third of our basic forces is no longer important in shaping the

evolution of the universe. This point onwards gravity plays its role to shape the
universe.

The time after 380,000 years had been comparatively uneventful, from the point e
of view of cosmology. Density fluctuations of the hydrogen and helium triggered {o
the condensation of galaxies and then first generation stars were born. Supernova
explosions of the material from these stars permitted the formation of second gen-
eration systems, among which planéts formed from the rocky debris.

Meanwhile, the decoupled radiation field, unaffected by the gravitational coming
and going matter, began the long journey that eventually took it cooled again by a

factor of 1600. Then everything could be observed by the radio telescope of 20th
century.
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IMPORTANT FORMULAE
1. Doppler shift in frequency of light

v'=u Av

: v c :
9. Expression for frequency shift when a light wave falling in the earths gravity.

. Av_meH

® v mc’

N _42 _ GM
_ (i) v Rc?

AL GM

(i) A Rc

3. Relation between space — time curvature and energy momentum.

8nG
Curvature of space = —;— energy momentum.
c

4, Relativistic Doppler effect of light

5. Hubble’s law: _

V=H,d, V=H,=72kms"Mpc)"
6. Planck’s radiation law: '

' 8nV , dvo

n(v)dv = )
n(v) oV E

h v'd
u(u)do =T 2 U
c ev-—] .
8nhc dA
A et ]

7 Average energy of the photon:

u(A)dA =

& 8 4
= T kT
B 15%9.23

0. Friedmann equation:
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dRY 8n. .. . .
— | =—GpR* -Kc¢*
( dt} g P

K =0, the universe is flate

K =1, the universe is curved and closed

K=-1I, the universe is curved and open

11. For a flat universe — Matter dominated.
' R(t) = At?

12. Relation between Hubble parameter and size of the universe.

pol®

R dt _

13. For the radiation dominated universe.

R(t) = A%t%.
14. Rought estimate of the age of the universe.

1
t=—
H

15. Relation between age and temperature of the universe.

7 13% 10"

, ' th

16. Relation between mass of the particle produced and temperature of the universe.

mc? =kT '
17. Boltzsmann factor =& = N,

_ ‘ N
P
where AE=(m,-m)c’
UNIVERSITY MODEL QUESTIONS
~Section A
(Answer questions in about two or three sentences)

Short answer type questions -
1. What is meant by principle of covariance?
2.  What is meant by principle of equivalence?
3. What is general theory of relativity?
4. What were the predictions of general theory of relativity? .
5. Briefly explain how accelerated frames can take into account the effect of gravity.




o0

- 10.

11.
12
13.
14
15.

16.

17.
18.
19.
20.
21,
22.
23
24.

25.

26.
27.
28.
29.
30.
31.

32

33.
34,
35.
36.
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Write down the equation for frequency shift when a li ght wave falhng in earth’s gravity
and explain the symbols used.

What is gravitational red shift? |

How does gravity affect the space time in general relativity.

How does the motion of a particle occurs in space-time according to general theory of

relativity.

Write down the relatlon between curvature of space and energy -momentum in general

relativity.

Briefly explain how does Einstein’s field equation become Newtons law of gravitation.

Distinguish between Newton’s law of gravitation and Emstem s law of gravitation.

How does light bend in gravitational field?

What is cosmological constant?

Solving field equations Einstin got an expandmg universe. What was the mistake he
committed? ,

What were the two assumptions made by Friedmann to arrive at the conclusion Fhat the
whole universe is expanding?

How did we arrive at the conclusion that the universe is expanding?

What is red shift? '

What is blue shift?

What is Hubble’s law? ‘

What is the relation between recessional speed and distance.

Demonstrate the expanding universe with an analogy.

What is cosmic microwave background radiation?

How did Gamow arrive at the prediction of the cosmic microwave background radia-
tion.

What was the contribution of Penzias and Wilson with regard to microwave back-
ground radiation.

Name two satellites sent into the earths orbit to study microwave background radiation.
Is microwave background radiation a reality? Justify?

What is Bing-Bang. '

What is the evidence of Bing- Bang

What is dark matter?

What is the function of dark matter.

Distinguish between dark matter and dark energy.

What is cosmology.

What is Planck time.

Write down Friedmann equation and explain the symbols used.
Distinguish between matter dominated and radiation dominated universe.
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37.
38.
39.

40.

What iS blng'b o ' ace and ternpera

Write down the relation between a8

What is the connection betwe
perature of universe.
What is the age 0

(Answer questions i

Paragraph / Problem type questions

mEYOENOU A W -

—_
wWoN

._.
ha

15.

16.

17.

Explain how did Finstein arrive at the pri
R.

al frequency shift.
f gravitation and Einstein’s law of gravitatiop

Distinguish between S.T.R and G.T.
Derive an expression for gravitation

Distjnghish between Newton’s law 0

en the fo

f the universe when prot

Section B
) a paragrap/l of about half a page to one page)

< and Astrophysics

rmation of nuclei and atoms

nciple of equivalence.

Explain three major prediations of general theory of relativity.
Explain the phenomenon of bending of light rays in the presence of gravitationg] fielg

Explain the gravitational red shift an

d blue shift.

ture of the universe,

with age ang .
m.

ons, neutrons were present?

Show that inverse of Hubble’s parameter is almost equal to the age of the universe,
Write a brief note on Friedmann universe and Einstein universe.

. State and explain Hubble’s law.

Explain how did Hubble arrived at the conclusion that the whole universe is éxpandino,
Wiite a brief note on COBE and WMAP. .

The sun’s mass is 2.0x10°kg and its radius is 7.0x10*m. Find the appfoximate

- gravitational red shift in light of wavelength 500 nm emitted by the Sun.  [1.06 pm]

Find the approximate gravitational red shift in 500 nm light emitted by a white dwarf

star whose mass is that of the Sun but whose radius is that earth, 6.4 x10°m.

;‘: dS.aotel}ite ails in orbit at an altitude of 150 km, we wish to communicate with it usinga
10 signal of frequency 10° Hz. What is the gravitational change in frequency b |

tween a ground station and the satellite? Assume g 1s a constant

Light from i : .
islt?cs Sp(:;:ri]c;;talq gzlaxy 1s red shifted so that the wavelength of one of its character
. €s 1s doubled. Assume the validity of Hubble’s law, calculate the dis

tance to this galaxy.

Fro i - '

m the expression for energy density of the thermal radiation
mum of the radiation energy spectrum 0CcUr
of the 2.7K microwave background radiation

|

a) find the energy at which the maxi
b) Evaluate the peak photon energy

[1.63x107Hd

[8.15x10°y]

E=2.821kT ]
E=6.64x107¢Y)




w3
X
18. Evaluate ?l]‘—ex _ldx

19. Calculate the age of the universe when deutrons were produced. Take T <9x10°
e T<9x

K
: 250s
20. What was the age of the universe when the nucleons consisted of 60% protons arEd 40"”:];
neutrons. Given that AE=(m_- m_)c? =13Mev 0175

Section C
(Answer questions in about one or two pages)
Long answer type questions
1. Derive an expression for the energy of the microwave background radiation.

2. Establish that the inverse of Hubbles parameter is a rough estimate of measure of the
age of the universe.

Hints to solutions

AM-A_GM _6.67x107" x2x10®

13. x Re? S =0.2117x107
A —=A=02117x10"x500%10"m
=1.058x10"%m =1.06m -
-17 30 -9
14. 7L;_7L=GI\/§7L=6.67><10 ><26x10 x509><10
Rc 6.4x10° x(3x10°%)
=0.1157nm
A . : »
s, _Bng_98x150x10 ~16.33x10™"

v & (3x10°%)
Av=1633x10"?x10° =1.633x10*Hz.
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Using v="H.d

v :8.15X103ly

d=—

H
Take H,= 72 kms™ (Mpe)”

_3°
~5H,

1 parsec = 3.08x 10"°m

11y = 946x10°m.

h v _
17. a) u(v) du .—:-%—-I-“-—-—du, g=hv
c

ek —1

8ne® 1

—

(he)’ e -1

u(e) =

Find EjE=0 we get e =1—§- where x=—§- gives x =2.841
de kT

g=2.821kT
b) Use g=2.821kT
18. See example 4

i _[15x10" ’
9. Use ———T

—L=—=15
20. N 04
USC N":e-ﬂ
N

AE
~—=In(15)=041

KT
T- AE 1.3MeV

0.41k 041x8.62x10%eVK™!
T=3.7x10"K

Then use [=(1.5x1010 Jz o
=0.17s

T




“UNIT THRee

BASIC TOOLS OF ASTRONOMY

Introduction

This chapter deals with some basics of astrophysics. Astrophysics is only an ex-
ension of classical. astronomy in the same sense as quantum mechanics and nuclear
physics are extensions of classical physics. What is astronomy? Astronomy is the
gience which deals with (size, position, motion and composition) celestial ob-
jects and their phenomena. Astronomy is a term originated from two Greek words.
xtron and nomos. Astron means star and nomos means law. Then what is astro-

physics? Astrophysics is a branch of astronomy that deals with the physical

properties of celestial objects such as luminosity, size, mass, density, tempera-
ture and chemical composition and their origin and evolution. Actually astro-
physics is a child born from the marriage of physics and astronomy. Astronomy is
an observational science and not an experimental science like other sciences be-
uise we cannot control the condition of experiments or event which are occurring
in heavenly bodies. In astronomy the events occur automatically in stars, galaxies
adinterstellar medium and we observe them from earth. Hence the repetition of an
"experiment in other sciences is replaced by statistical study of large samples and
thanges in experimental conditions are taken into account by observations of-a large
vaiety of closely similar objects. Statistics thus plays an important role in the astro-
Wnical method, The main source of information about heavenly bodies is the
Sudy of electromagnetic radiations emitted from them. '

. Although astronomy based on observations rather than experiments, it is a science
e strictest sense of the word as oprSed to the superstitious subject of astrology.
" ancient times the same individuals practiced astronomy and as.trology
;HnultaneoUSIy and they were considered as oneand the same. But after the discovery
fol) tScopes astronomy grew as an observational §ciencc where as astrology dch not
reg[:)lw the method of science and grew with belief and estabhsh'es custom;. tsl a
‘ lastronomy and astrology drifted poles apart. Astrology claims to predict the
.‘;re of men from the prevalent planetary positions among the Stars. The entire
Venll?: ofastrology is build upon the movement of nine Plﬂ"ets"(S““'dMOO“’ M:;:Ei;
»Mars, Jupiter, Saturn, Rahu and Ketu) across the sky spread over an ang

L
b
el
;
l.
.
1
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separation of 18° on either side of ecliptic. If we consider this 18° width spread
across the sky as a ribbon, it is called zodiac. The planets rahu and ketu were called
as dark planets because they were responsible for eclipses. Now a days we know
that rahu and ketu are not planets but they are geometrical intersection points of
apparent path of moon and ecliptic. It is not wise to put an end without saying the
famous words of Kepler who was the astrologer of Wallenstein palace. Kepler once
said “Astrology is the foolish daughter of wise mother astronomy”.

Stellar distance

Our primary aim in astronomy is to determine the distance of distant objects in
the sky. This is necessary because for the determination of many other parameter
like luminosity, brightness etc. The basic tool required is distance. But determining
distance in astronomy has always been and continues to be difficult and associated
~ with errors. There are so many methods available, but till now there is no consensus
about which method is the best. The Stellar parallax is the probably the most accurate
especially for determining the distances to stars.

Stellar parallax method
Parallax

Let us first see the meaning of parallax. Hold a pencil P at a distance from your
eyes. Look at the pencil by closing the right eye and then left eye. The position of the
pencil seems to change with respect to the background. This apparent shift (angle) is
 called parallax. The distance between points of observation (here the distance between
left eye and right eye) L and R is called basis.

Stellar parallax

Stellar parallax is a measure of the star’s distance. it is basically the angular
measurement when the star is observed from two different locations on the earth’s
orbit. These two positions are generally six months apart and so the star will appear
to shift its position with respect to the more distant background stars. The parallax P

of the star observed is equal to half the angle through which its apparent position
'~ appears to shift. The larger the parallax (p) the smaller the distance (d) to the star.

Stellar parallax method.

To measure the distance of a star, the staris photographed from the position A of
the earth against the background of the far off stars. Repeat the observation after six
months from the position B of the earth on the other end of the baseline. See figure
below. From the observations the half angle subtended by the baseline AB can be:
measured. This gives the parallax
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After six months position B )| B |
of observation Q’/ A Ir:ual position of
observation
' From the figure we have ~ - Figure3.1
a
tanp=— -
' d
oF 7 . _a ' . :
P= il | (-+ pis very small)
a
d=—
..... 1

o AB). T ‘ ' .

The distance a (—2—-) is measured 1n metres. Usually the angle (p) 1S measured in
radian, In the case of star the angle pis measured in seconds of arc. So we have to
.COnvert radian into seconds of arc: |

We have o r _ " radian.

‘ 2 180

1 radian .-___1_§9 degree
n

or P 1 radian _____lg(_)_x 60 minutes

180 _ 60x 60 seconds of arc

1 radian=—"
|

180><60>‘60 d ofﬁrc
TR seconds
1 radian 314158
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1 radian =206, 265" seconds of arc

radian = 4.848x10°¢ radian

1 second of arc =

When a=1AU=1.496x10"m and p=1"
(1AU is the average distance from the earth to the Sun). Then the distance d is
said to be one parallactic second (parsec). Parsec is symbolically written as pc

From eqn. 1, we have

_1AU _ 1.496x10"
1"  4.848x10°

1pc

Ipc =3.08x10"m
Definition of Parsec
One parsec is defined as the distance at which arc length one AU substends an
angle of 1". |
From eqn. (1) we get

‘d=—1— When a=1
P

Now d is in parsecs and parallax p isin arc seconds. Thus, we can say the distance
of star in parsecs in the reciprocal of its parallax p.

d=—
ia BRSO s 2)

For example if the measured parallax of a star is 0.01 arc second then the distance
of the star is 100 pc.

Relation between AU, ly and pc
We have 1AU = 1.496 x10"'m
This unit is used to measure very large distances within the solar system.
Light year is defined as the distance travelled by light in vacuum in one year.

s=vt=ct

1 light year =3x10°x365x24x60x60 .
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ie, 1ly =9.46x10"m

This unit is used for measurihg large distances of stars and galaxies.
1pc =3.08x10"m

lly  9.46x10"

= =6.32x10*
1AU _ 1.496x10" *

1ly =632x10°AU
lpc _ 3.08x10"

= =3.26
1ly 9.46x10"
lpc =3.26 ly
16
Ipc  3.08x10 ~2.05x10°

1AU  1.496x10'"
Ipc =2.05x10°AU
lpc>1ly>1AU °

The parallax method is used only to measure distances up to 100 pc. This
corresponds to a parallax of 0.01 arc second. This is because the angles smaller than

- 0.01 arc second are very difficult to measure from the earth due to the effects of the

atmosphere. This limits the distance measured to about 100 pc. However, the satellite
Hipparcos launched in 1989 was able to measure parallax angles to 0.001 arc seconds

- which corresponds to a distance of 1000 pc.

All known stars have a parallax angle smaller than 1 arc second. For example our
second nearest star proxima centuari belongs to centaurus constellation is at a distance

of 1.3 pc (4.22 ly) and corresponding parallax is 0.772". Another example is the star
sirus which belongs o canis Majoris constellation is at a distance of 2.64 pc. (8.6 ly)
which corresponds to a parallax of 0.379 arc seconds.

Parallax of some bright and near by stars and the corresponding constellation arc
given below.

Note: Hipparcos is the abbreviation of high precision parallax collecting satellite -

and at the same time remembering great Greek astronomer Hipparchus.
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Table 3.1: Nearest stars in the sky

No Star Prllax | Diats | ]
- in arc second in pc n
1 Proxima centauri 0.772 1.3 Centarus |
2 Alpha centauri A 0.741 - 1.35 Centarus
3 Barnards star 0.55 182 Ophichus
4 Wolf 359 - 0418 2.39 Leo
5| Lalande 385 0.392 2.55 Ursa Major
6 Sirius A 0.379 2.64 Canis Major
7 UV ceti A 0.374 2.67 Cetus
8 | Ross 154 0.336 2.97 Sagittarius
9 | Ross248 0.316 3.16 Andromeda
10 Epsilon Eridani 0.311 . 322 Eradinus
11 HD 217989 0.304 3.29 Piscis Austrinus
12 | Ross 128 ©0.299 3.34 Virgo
13 | L789-6A | 0.291 344 | Acquaris
14 | 61cygniA 0.287 3.48 Cygnus
15 Procyon A 0.286 3.50 Canis Minoris
16 61 cygni B 0.285 3.51 Cygnus
17 HD 173740 0.284 3.52 Draco
18 | HD 173739 0.280 3.57 Draco
19 GX Andromeda 0.280 3.57 Andromeda

We found that distances of stars up to 1000 pc (3.08x10”km) could be
determined. But these are all relatively close stars. Most of the stars in the galaxy are
too far away for parallax measurements to be taken. So we discuss some other methods
of distance measurements in astronomy.

This method is based on the regular variation of brightness (or luminosity) of
stars. The stars whose brightness vary at regular intervals of time is called variable
stars or pulsating stars (pulsars). ‘

There are two types of variable stars particularly useful in determining distances.

o These are Cepheid variable stars and RR Lyrae variable stars. These stars change
- their diameters over a period of time. This period of time can be measured very
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accurately. Using Period-luminosity relationship we can calculate the luminosity.
By comparing the luminosity, which is a measure of the intrinsic brightness of the
star with the brightness it appear to have in the sky, its distance can be calculated
from the luminosity-brightness relation which contains the distance.

Using Cepheid star as the reference, distances about 18.4 millions parsecs have
been determined. Using RR Lyrae stars as the reference, distances about 0.61 million
parsec have been determined.

Another method of distance determination is that of spectroscopic parallax. In
this method we take the spectra of stars.

From the spectral classification, we will be able to calculate their intrinsic
luminosity. Then it will be compared with its apparent brightness to determine its
distance.

There are other distance determination methods for the objects farthest away from
us such as other galaxies. They are Tully Fisher method, Hubble law method etc.

We conclude this section by saying that all these methods do not produce exact
results. The error associated is in between 10% to 25%. Sometimes it may go upto
50%. For example distance of a star is measured 10000 pc. Suppose it has 25%

25

error. This means that star can be found any where between 10000 * 10000 x 0

i.e., in between 7500 pc and 12500pc (in between 2.3 x 10*'m and 3.85 x 10*m).

Brightness and luminosity

There are millions and millions of stars in the sl\y Out of which the total number
of stars visible to the naked eye in the whole sky is only about 5000. Others can be
seen through telescopes. Most of the stars are powered by the same process that
fuels the Sun. This does not mean that they are all alike. Stars differ in their size,
mass, luminosity etc. One of the most important characteristics is their luminosity(L).
The luminosity of a star is the total amount of radiant energy emitted per second
from the surface of a star. It is measured in watts (W) or as a multiple of the Suns

luminosity denoted by L (a circle with a dot indicates Sun in astronomy). However

luminosity of a star cannot be measured directly. This is because what we can measure
on earth is the amount of light reaching on earth. So we introduce a term called
apparent brightness or simply brightness of a star denoted by b. The amount of
light energy reaching the earth per unit area in unit time is called brightness.

_ Itis measured in Wm. The brightness (b) depends on the luminosity (L) and the
distance of the star(d). This is as follows.
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The light received per unit area in unit time on earth =b
- If the star is at a distance of d from the earth. The star would emit light in ]
directions covering a total area of 4nd”.
. The total energy that can be received by covering the whole sphere of area
4nd®in unit time =b-4nd”.

This is nothing but the light energy emitted by the star in unit time called
luminosity.

ie. L = b4nd?
L
or b= e (2)

This is the relation between luminosity, brightness and distance.

Astronomers measure star’s brightness with light sensitive detectors and this
procedure is called photometry.

Example 1
The star Sirius A has luminosity 97.28x10* W, and is at a distance of 8.6 ly.

Calculate its apparent brightness.
Solution

L=97.28x10*W, d=8.61ly=8.6x9.46x10"m

The apparent brightness, b= 7 L

TEdz

_ 97.28x10%
4%3.14%(8.6x9.46x10")?

_ 97.28x10%
4x%3.14x8.14% x10*

. 97.28
4%3.14x66.3

x107

b=1.17x10"Wm™
Example 2

The luminosity of Sun is 3,83x10 W, What is its apparent brightness.
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Solution
+ L=3.83x10"W d=1AU=1.496x10"m
. L 3.83x10%
Using b= =
. 4nd®  4x3.14x1.496% x10%
b=1363 Wm™
Example 3

The star aldebaran which belongs to Taurus is at a distance of 65.11ly has
luminosity 518L,. Calculate its brightness.

Solution
d=65.111y =65.11 x 9.46 x 10”m = 6.16 x 10" m
L=518L_ =518 x3.83 x 10*W
L=198 x10°W
L
Usi b=
e 4nd®

B 1.98x10%
4x%3.14%6.16% x10*

b =4.15x10°Wm™

Luminosity, brightness and distance of stars in terms of that of Sun’s.

We have L=4nd’b

For the Sun L,=4nd.b,

L_(d)(b)
Lo— do bo ..... 3)

Here what we require is the distance of star measured in terms of earth-sun distance
and brightness of star measured in terms of brightness of the sun with respect to
earth. So we get the luminosity of the star in terms of L.
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Example 4

'Considc.r two stars A and B. Star A be at a distance half that of B and appear
twice as bright as B. Compare their luminosities.
Solution
d
d,= -5“- b, =2b,

Using L=nd%

2
L_A=(l) 221
L, \2 2

L .
LA=7" or Ly=2L,

Though star B is twice luminous than A, it appears to be less brighter.
. Example 5 o

- Consider two stars A and B. Star A appears to be half as bright as B and distanée
of A is two times that of B. How much is the luminosity of star A compared with
respect to star B.

Solution

1 .
bA=5b39 dA=2dB

Using = L =nd’b

L, =2L,
Magnitudes of stars

We could see that the apparent brightness of a star differs from its Juminosity.
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The apparent brightness depends on its luminosity as well as on the distance of star
from us. Based upon the measurements of apparent brightness of stars, a measurement
scale had been developed called magnitude. It is denoted by m. During the second
century B.C, Hipparchus (Greek astronomer) classified the naked eye stars into six
magnitudes according to their apparent brightness. He catalogued nearly 1000 stars.

- The brightest star is assigned magnitude one (m = 1). The star of half as bright as

first magnitude is called as second magnitude star (m = 2) and so on to the sixth
magnitude sfar which are faintest star in the sky. In other words we can say that the
first magnitude star is two times brighter than second magnitude star. The second
magnitude star is two times brighter than third magnitude star. So the first magnitude
star is 22 times brighter than third magnitude star. As there are six magnitudes, we
can say that first magnitude star is 2° times brighter than sixth magnitude star.

In about 1830 William Herschel by his experiment on Stellar photometry
determined that stars in one magnitude class are 2.512 times more brighter than the
stars in the next higher magnitude class.

i

Brightness of first magnitude star —@2.512)*

ie. : : ;
Brightness of second magnitude star

Brightness of first magnitude star

— =(2.512)"" =(2.512)’ =100
Brightness of sixth magnitude star ) ( )

Let b, be the brightness of first magnitude star and b, be the brightness of sixth
Magnitude star, the above relation can be written as

%— =(2.512)° =(2.512)°" =(2.512)™™
6
Or in general -El- =(2.512)"="
2
) b m,-m, 1
Le, b_' =(100) 3 v (100)° = ”.SIZJ
i | .

Taking log on both sides, we get
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m,-m, =2.5 logpl
b2
=-251 b,
or m,-m, ==25lg—= (4)

1
This is the relation between apparent brightness and magnitude.
Another form of the relation between apparent brightness and magni-
tude |

o b -
We have - —L=(512)™™
b2

Taking log on both sides, we get

\
log[-t.)—' =(m,-m,)log2.512
b, ) -

\ ,
log(k'— =(m,-m,)x04
b, .

= 100'4("’1 -m,) ] (5)

o |_cr'

2

If b, =b,, the apparent brightness of zero magnitude star i.e m, =0. From
equation 4, we get : '

m, =-2.5 log 5
0

. b .
In general m = -2.5 log e (6)
: ‘. |
The star Vega (Abhijith) is of zero magnitude and it’s brightness measured 15
b, = 2.52x10*Wm™ |

“The apparent magnitudes of some stars and planets are given below.
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Table 3.2: Some objects in the sky and their magnitudes

PﬁNo Object Magnitude (m)

1 | Sun | 267
2 Full moon -12.6
3 Venus —4.4%
4 Jupiter S =2.6%
5 Sirius A —-1.44
6 Sirius B +8.66
7 Faintest observable star +23

Note: * When bri ghtest
In the table 3 given below magnitude difference and brightness ratio are shown.

" Table 3.3: Magnitude difference and brightness ratio

Magnitude difference Brightness ratio
m2 —m, _b_l_ =100.4(m,-m.)
b,
0.0 1.0
0.1 1.1
0.2 1.2
03 : 1.3
0.4 1.45
0.5 1.58
0.6 1.74
0.7 1.91
1 2.51(2)
2 6.31
3 15.85
4 39.8
10 10000
15 1000000
20 100000000
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Example 6

The Sun has a magnitude of —26.7 and the full moon has a magnitude of -12.6,
Find the apparent brightness of Sun compared to that of full moon.

" Solution

m, =-26.7

m moon

=-12.6

b
Using M, M, = 2.5 log B'—

2

b
We have M ~Mo = 2 log - -

moon

267 --12.6=25 log bbo

moon

25 %5
log bzin =-5.64
or btzn =107 =2.29x10*-;m

. . 7 'noSity
This shows that, though the luminosity of sun is greater than twice the Jumt
of moon, its brightness is about 1 millionth of that of moon.

Example 7

. A 6T and
Compare the apparent brightness of Sun and the star Sirius A. Mo = 26

m.. =-1.44

sirius




Solution
mg =-267, My =—144

We have m, —m,; = 2.5log—

b,
bO
My, —Me = 2.5log bsmus
bO
_1.44-—26.7=2.5 log b
b
25.26 _log —2
2.5 bsirius

10.104 =log
.104 =lo =
b

sirius

_bRo_ ~10"' =1.259%10"

sirius
This problem shows that even though Sirius is much luminous than sun

L times fainter than the sun.

dres = 25.4L) , it apparent brightness is

1
| 1.259x10"
Absolute magnitude (M)

The apparent magnitude of a star does not tell us whether a star is actually bright
or not. It tells us only about the apparent brightness. The apparent brightness of a
star depends on the luminosity and the distance of the star. Of two stars are at the
Si}mc distance their brightness are proportional to their luminosities. As stars are at
different distances, their apparent brightness do not provide their luminosities. If we
know the actual distances of stars, we can compare their luminosities by referring
them to any chosen distance from us. For such a comparison of luminosities of stars,
astronomers have chosen a standard distance of 10 parsecs (32.6 light years). The
magnitude of the star is then called the absolute magnitude (M). Thus the absolute
magnitude (M) of a star has been defined as its apparent brightness if it were
Placed at a standard distance of 10 parsecs. The absolute magnitude of a star,
therefore depends on its actual brightness not on its actual distance.

Fo e
ey
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Relation between apparent magnitude, absolute magnitude

Consider a star whose apparent brightness 1s b, and apparent magnitude m at 3
distance d. If the same star is at a distance D, let its apparent brightness be b, ang

apparent magnitude M.
From equation 5, we have

bl _ 04(M-m)
o (7)
From equation (2), the apparent brightness is
b=t
nd”
L
Th b=—7
us | T[d‘
L
b') =
and RS

Luminosity is same since only one star.

b, _D_2

b, d’

Put this in equation (7), we get

2

D g
Taking log on both sides we get
2(logD -logd) =0.4(M -m)
. M-m =5(logD-logd)
When 'D =10pc,M is calicd the absolute magnitude
M—-m =5(log10-logd) = 5(1-logd)

m-M=5(ogd-1) .. (8)

or
This is the relation between apparent magnitude m, absolute magnitude M and

distance d.
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The quantity m — M, depends only on d, is called the distance modulus. Knowing
the distance modulus the actual distance of star can be calculated from equation 8.

The absolute magnitude of the normal stars lie between -10 to +20. The range
corresponds to a brightness ratio of about 10"

Example 8
The star Sirius A is at a distance of 2.63 pc and has an apparent magnitude of-
1.44. Calculate its absolute magnitude.

Solution
d=2.63pc, m=-1.44
Using m-M=5(logd-1)
M =m -5(logd-1)
M =-1.44-5(log2.63-1) o
M=-144-5042-1) | : ;f
M=-1.44-5x-0.58 |
M=-144+29
M=-1.46
Example 9
The Sun has an apparent magnitude of —26,7. Calculate its absolute magnitude
Solution
m=-26.7 d=1AU= %pc= 4.86x10°pc

Using m-M=5(logd-1)
~ M=m-5Cogd-1)
M =-26.7-5(log4.86x10™ - 1)
M =-26.7-5x(-5.31-1)
M =—-26.7+316
M=49
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Example 10

The star Vega belongs to Lyra constellation has an apparent magnitude zero is at
a distance of 25.3 ly. Calculate its absolute magnitude.

Solution
© 253
=0,d=253ly=——pc =17.76
o oY =3P T PC

Using " m-M=5(logd-1)
- M=m-5(logd-1)
M=0-5(log7.76-1)

M=-5x0.11=0.55

Example 11
The Betelgeuse belongs to Orion constellation has an apparent magnitude of
0.45 and absolute magnitude -5.14. Calculate its distance in light years.

Solution
m =045 M=-5.14

Using m-M =5(logd -1)
0.45--5.14-5(logd -1)
2'522= logd -1

logd =Al+—5-'.-55—9=1+1.118=7.118

d=10*"* =131.22pc
d=131.22x3.26 ly
d=427.7ly

Colour and temperature of stars

When we look up into the clear sky at night with naked eye we see several stars.
All of them are generally white. This colour varies from person to person. This i
because eye does not recognize colour at low light levels, This why at night with the
naked eye we see only shades of grey, white, pale yellow etc. Moreover the most
important factor determining the colour of a star you see is you-the observer. It is

i
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purely a matter of physiological and psychological influences. What one observer
describes as a blue star another may describe as a white star or one may see @n
orange star, while another observes the same star as yellow. You might even observe
a star to have different colour when using different telescopes or magnifications and
atmospheric conditions certainly have a role to play. But there are some exceptions
to these. A few stars exhibit distinct colours. For example Betelgeuse (¢ Orionis)
and Antare (o Scorpi) are definitely red, Capella ( a Aurigae) is yellow and Vega
(a Lyrae) is steely blue. However in the case of naked eye stars, there is no much
variation in colour. The scenario will be different when you look at stars with
telescope, there seems to be much variations in colours.

The colour of a star is determined by its surface temperature. A red star has 3
lower temperature than that of a yellow star, which in turn has a lower lemperature
than that of a blue star etc. The relation between colour and temperature of a star
is explained by Wien’s displacement law. According to the law

A, T= Constant =2,900,000 nmK ... (2)

where A_ is the wavelength corresponding to maximum intensity and T is the
temperature. This law states that low temperature stars emit most of their energy in
the red to infrared part of the spectrum, while much hotter stars emit in the blue
ultraviolet part of the spectrum. When stars emit energy in the ultraviolet or infrared
region we cannot see them. The low temperature stars make up about 70% of the
stars in our galaxy but you would never ever see them.

An important point to notice here is that hotter objects emit more energy (£« T*)
at all wavelengths due to the higher average energy of all the photons, The theee
graphs shown below demonstrate how the light from three different stars is distributed
depending on the star’s temperature.

I3et - . -
4 Visible part 4 Visible pant g Visible pan
> 1) This star apperas i) This star apperas t B} Tha ot appere
Z red 2 yellow -whi = bise-white
g 2 Z . )
: ii) 7., =96666nm § i) b =5273mm g W h, =11 &
3OU0K ,
$HK & - S
] 1 .
S0 100 1500 2000 0 W0 By e LTI P S Kt
Wavelength (nm) Wavelength (am} Waveleogth (nm)

Figure 3.2: Relation between colour and tempersture
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Another interesting thing to observe is that a few stars are so hot, possibly ip
millions of degrees, emit X-rays. These are neutron stars.

Note: When we say about star’s temperature it refers to its surface temperature.

Temperature of stars not only enables us to determine its colour but also helps to
determine many other characteristics. One scientific description of a star’s colour is
based on the Stellar classification. Another term commonly used by astronomers in
association with star’s colour is colour index.

Example 12

Two st_ars o Canis Majoris and 0 Ceti, have a temperature of 9200K and 1900K
respectively. What are their peak wavelengths?

Solution
T =9200K for o« Canis Majoris

2,900,000
We have A, =—————nm
T
lm;x _ 2,900,000 —315nm
9200

This wavelength is in the ultraviolet region.
T =1900K for 0 Ceti

_ 2500000 —1526nm
1900 :
This wavelength is in the infrared region.

Example 13

The mysterious star Zubeneschamali belongs to Libra constellation has a
temperature of 11,000K. What is its peak wavelength?

Solution _
T=11,000K
2,900
We have . A, = wnm
. | T
2
A, = 2200000 s 6nm
11,000

~ Itis one of the rare green coloured stars.
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Size and mass of stars

When we look at stars they seem to be like point light sources since they are
several light years away from us. So how do we determine the size of a star is our
concern now. Knowing the luminosity (L) and surface temperature (T) of a star we
can easily find out the size of a star. Luminosity of a star is determined by knowing
apparent brightness (b) and its distance d using the formula L =4nd’b. The
temperature of a star can be calculated from the spectra given out by the star using
A, T =0.0029mK knowing L and T, how can we determine the size of a star. For
this we make use of Stefan’s law. According to this law the energy emitted per unit
area in one second is proportional to the fourth power of the temperature T. The
energy emitted per unit area in unit time is called energy flux (F). Thus according to
Stefan’s law

Fo T
or F=oT*

The constant of proportionality o is called Stefan’s constant and its value is
given by

6=5.67x10"Wm K™
Relation between flux, luminosity and radius

Consider a star spherical in shape with a radius R. Its surface area is 47R”. From
the definition of luminosity, we have

Lo Energy emitted

time
Energy emitted x Area
or L= ;
-Area x time
o Energy emitted Energy flux (F)
. u
By definition Area x fime gy tlux (F)
‘ L=FxArea=F-4qR> ... (11)
This is the relation between L, F and R. Substituting for F
L =cT*4nR?
ie. L =4nR*cT*

Knowing L, ¢ and T, the size of the star can be calculated.

AL e
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Note: Most of the stars are spherical in shape, a few are not.

The equations 10 and 12 tell us that, a cold star has low flux (eqn. 10), but it may
have large luminosity if radius is large (eqn. 12). Similarly a hot star will have low
luminosity it has a small radius. This implies that temperature alone cannot indicate
how luminous a star will be, the radius is also needed. '

Suppose we want to compare the size (radius) of a star with reference to size of
the sun.

We have L = 4zR*T*
| L, =4nRioT;

L _(R)(1)
Thus L, (R, \T,

RyL
or R, |L,

Example 14
The star aldebaran belongs to taurus constellation has a temperature of about

3910K and luminosity of about 518 L. What is its size with reference to that of the
Sun? T, =5800K.

Solution
T=3910K L=5I8L,
! 2 _]_
Wen R _(To] ( L J?
€ have o | T T
— R, \T/|L,
2 (5800) (518) =2.2x22.76
R, (3910
R=50.1R,

In table 4 given below some giant and supergiant naked eye stars with size,
luminosity and distance are shown '
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Table 3.4
No Star Radius in Distance in Luminosity in
AU ly L,
1 | o-Herculus 2 400 7244 - 9333
2 | yl-Aurigae | 2.8 4300 11,000
3 | n-Persei 2 1300 4000
4 | VV Cephei 8.8 2000 2x10°
5 | KQ Puppis 8.8 3361 >9870

Stellar constituents

Here we discuss about what stars are made of. A star is an enormous sphere of hot
gases. The gas is composed of hydrogen, helium and some other elements (metals).
Astronomers call every element other than hydrogen and helium a metal. The
composition is usually about 75% of hydrogen, 24% helium and the remainder metals.
This ratio may change, however very old stars are nearly all hydrogen and helium
with tiny amount of metals and very few stars can contain 2-3 % metals.

The energy needed to create and maintain a star is produced within the star by
nuclear fusion. For this a very high temperature and a strong gravitational fields are
required. It is due to very large mass, strong gravitational fields-are present. The
temperature at the centre of star may be about 10 million kelvin. This results in huge
pressure at the centre of the star. This huge pressure and enormous heat trigger nuclear

reaction at the centre of the star. This nuclear reaction converts hydrogen into helium
releasing small amount of energy when billions of such reactions takes place -
producing substational amount of energy, which makes a star shine.

This nuclear reaction continues for millions and million.of years till all hydrogen
are exhausted. The by-product of this nuclear reaction is helium when helium present
is in abundance and under suitable conditions (higher temperature and a large mass),
helium undergoes nuclear reactions at the core of the star. After a very long time the
by-product this reaction which will be in abundance. If conditions are favourable
carbon too will initiate nuclear fusion and the process continues. At each stage the
temperature required is much greater than the previous stage. If this condition is not
satisfied, at any stage further reaction will not occur. This shows that burning of
hydrogen and helium are the source of power for nearly all the stars that we see. The
mass of the star will determine how the reaction will proceed.
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Stellar spectra

The spectrum given out by a star is called stellar spectrum. The stellar spectra
plays an important role in astrophysics. This is because by analysing the spectra we
can determine several parameters of the star such as its temperature, colour, distance,
in which direction it is moving, whether it is rotating or not. In addition to these we
can infer its age, mass, how long will it live and so on. Another important aspect is
the spectral classification of stars.

To get solar spectrum what we need is a spectroscope, a prism or a diffraction
grating a telescope and an eye piece. Using the spectroscope mounted at the eye
piece end of a telescope, light from a star can be collected and photographed. Usually
star emits different colours. The prism or diffraction grating helps us to disperse
different colours. The result we obtain is called a spectrum.

“The spectrum contains emission lines as well as absorption lines. Emission lines
are due to emission of photon when particles jump from excited states to lower

-states. When the light from inner part of star passes through outer most cooler layer
~ known as reversing layer some wavelengths are absorbed, depending upon the
elements present in the reversing layer give rise to absorption lines. Absorption lines
are indications of the elements present in the star. The factor that determines whether
an absorption line will arise is the temperature of star’s atmosphere. A hot star will
have different absorption lines than a cool star. By examining the spectrum and
measuring various aspects of the absorption lines the classification of a star is
determined. Analysis of the structure of absorption lines gives information regarding
the pressure, rotation and even the presence of a companion star.

Stellar classification

We found that absorption lines were present in the spectra of all the stars, when
the absorption spectra (which depends on temperature and indicating the presence
of metals) of stars were studied, it was realised that stars could be classified into
several different types called spectral classes. This classification was firstly done by
Harward group of astrophysicists under the direction of E.C. Pickering and his
associates. This is called Harward classification or Pickering classification. It is also
called Henry Draper catalogue after the name of Henry Draper. Harward people
classified the spectra of about 4,00,000 stars. It was later realised that the types of

- spectra varied primarily because of differing temperatures of the stellar atmospheres.
Much before this the Indian astrophysicist M.N. Saha suggested that the difference
in stellar spectra are principally due to surface temperatures of stars. It means that
the spectral classes correspond in fact to different surface temperatures. Harward

= 3
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classification is done in the order of decreasing temperature. The classification, is
designated by capital letters, is written as

OBAFGKMRNSH

This can be remembered by the mnemonic. Oh! Be A Fine Girl Kiss Me Right
~ Now Sweet Heart.

The spectral types are further divided in ten subclasses beginning with 0 and
ending at 9. ‘

Among the group O group stars are hottest and H group stars are coolest. Further
class Al star is hotter than class A9 star. But A9 star is hotter than FO star. The
spectra of the hotter star of types O, B, A are sometimes referred to as early type
stars while the cooler ones K, M, R, N, S, H are later type. F and G are designated
intermediate type star. Our sun is a G2 star, thus it is an intermediate star.

It is interesting to note the distribution of stars throughout the galaxy. A casual
glance at the stars in the night sky will give-you several O and B type, a few A type,
some F and G type, a smattering of K and more M types. A vast majority of stars in
our galaxy over 72% of them are faint cool and red M type stars. The bright and hot
O-type stars are less than 0.005%. For every O type there are about 1.7 million M-
types. Now we shall briefly discuss how the spectrum are affected by temperature.
We found that star is composed of 75% of hydrogen. Hydrogen emits various spectral
lines such as Lyman, Balmer, Paschen, Brackett and Pfund series. For simplicity we
take Balmer series for explanation. Balmer series absorption lines are obtained when
electrons undergo transition from n =2 level to higher levels. However Balmer lines
do not always appear in a stars spectrum. This happen when the temperature 1s
greater than 10,000K. At this temperature photons coming from the interior of stars
have high energy that they can easily knock out electrons from hydrogen atoms. i.e,
ionisation takes place. In the ionised state it cannot produce Balmer lines. Type O
stars up to type B, exhibit no Balmer lines.

When the temperature is less than 10,000K most of the hydrogen atoms are in the
groundstate. Many of the photons passing through the stars atmosphere do not have
enough energy to excite electrons from ground state to energy level 2. Thus there is
no Lymann absorption series in the spectra. However very few atoms in the energy
level 2 can absorb the photons characteristic energy and excited to higher levels. so
all:sorption lines are found in the spectra. Cool stars MO and M2 are examples for
this. | '

‘The principle features of spectral sequence are given in table 5 below.
Note: The Sun - A G2 star has a spectrum dominated by lines of calcium and iron.
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Hertz sprung-Russell (H-R) diagram

We learned that star’s basic characteristics such as its radius, mass, spectral
class, absolute magnitude, luminosity and temperature. Now we put all these
parameters in a single graph known as Hertz Sprung-Russell diagram. It is one
of the most important and useful diagrams in the study of astronomy The H-R diagram
forms the basis of the theory of stellar evolution. '

In 1911, the Danish astronomer Ejnar Hertzsprung plotted the absolute magnitude
of stars (a measure of their luminosities) on the vertical axis and their colours (a
measure of their temperatures) on the horizontal axis. Later in 1913, the American
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astronomer Henry Norris Russell independently plotted spectral types (measure
temperature) on the horizontal axis and the absolute magnitude on the vertical axis.
They both realised that certain unsuspected patterns began to emerge. Further more
an understanding of these patterns was crucial to the study of stars. In recognition of
the pioneering work of these astronomers, the graph was known as Hertz sprung-
Russell diagram or H.R diagram. A plot of luminosity of stars versus their surface
temperatures is known as Hertz Sprung-Russell diagram or H-R diagram. A typical
H-R diagram is shown below. Each dot on the diagram represents a star whose

properties such as spectral type and luminosity can be determined. Note the key
features of the diagram.

(1) The temperature increases from right to left. The hot O types are on the left and
cool M-types stars are on the right.

(i) The luminosities cover a wide range, so the diagram makes use of the logarithmic
scale, where by each tick mark on the vertical axis represents a luminosity 10
times larger than the prior one.

(iii) Each dot can give spectral type and corresponding luminosity in terms of Sun’s
luminosity.

It can be seen that stars near the upper left corner are hot and luminous. The stars
near the upper right corner are cool and luminous. Stars near the lower right corner
are cool and dim. Stars near the left corner are hot and dim.

H-R diagram and stellar radius
H-R diagram provides another important information about the radius of stars.

This is because luminosity and temperature are related through L =4nR’cT".
Knowing L and T we can very well calculate the radius of stars. A graph between
logarithmic luminosity along the vertical axis and temperature along the horizontal
axis (temperature in the decreasing order) is plotted we get H-R diagram indicating
radii of stars is given below.

From the graph following information can be drawn.

(i) Stars having same radius lic along a straight lines. (dotted diagonal lines). Ata
constant temperature we can see that radius increases with luminosity. As
temperature decreases and radius increases luminosity is found to increase. This
shows that stars in the lower most left part of the graph stars having high
temperature, low luminosity and small radius, where as stars in the uppermost
part having high intensity large radius but low temperature.

(ii) Stars in the lower left of the H-R diagram are much smaller in radius (about
0.01R ;) and appear to be white. They are hot stars with low luminosities. They
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Figure 3.4: Radius of stars on H-R diagram

are called white dwarfs. They are faint stars and can be seen only through
telescopes. There are no nuclear reactions in these stars but still glowing. They s
are remnants of giant stars. White dwarfs have approximately the same size of . = ©
the earth. | | | e

(iii) Stars in the upper right are called giants. They are 10 to 100 times bigger and s
100 to 1000 times luminous than the sun. They are cool stars, temperature lies
between 3000 to 6000K. Many of the much cooler members of this group are .

‘reddish in colour and referred to as red giant. Arcturus in Bootes and aldebaren

in taurus are red giants. '

-

(iv) At the extreme right corner there are few stars having radii up to 1000R.
These are called supergiants. Giant and super giant make up about 1% of stars
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in the night sky. Antares in scorplus and Betelgeuse in orion are super giants,
Their lumlnosny is very high.

(v) In the diagram you can see a solid line (band) stretches diagonally across i,
90% of stars in the night sky are lying in this band. These are called maip
sequence. The band along which most of the stars are clustered is called the

main sequence. It extends from cool and dim stars in.the bottom right to hot and
luminous blue stars in the upper left corner. Sun is a main sequence star

Note: For clarity dots representing stars are not shown in the graph.
H-R Dlagram and stellar 1ummosnty

The temperature of a star determines which spectral lines are most prominent in
its spectrum. Therefore classifying a star by its spectral type is essentially the same

10 -

Luminous supergiants '1a

\.,ess—luminous supergiants b

Bright giants

104

II
10° -

Subgiants
Luminosity (L)

1F

107

10*

1 | 1 | |
05 BO A0 FO GO KO M0 M8
Spectral type '

Figure 3.5: Luminosity classes
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as by its temperature. The H-R diagram (L versus T) shows that stars can have
similar temperatures but with different luminosities. |

For example consider a white dwarf star at 7000K. At this temperature drawn
perpendicular line we can see that a large number of stars such as main sequence
star, a giant, a super giant etc. belong to this temperature but all are having different
~ luminosities. Different luminosities give rise to different spg:ctfa. Therefore by
examining a star’s spectral lines, one can determine which category the star belongs
to. Difference in spectral line means difference in the absorption lines of the spectra.
It depends upon various conditions on the stars atmosphere. For example the density
and pressure of hot gases in the atmosphere affect the absorption lines and hydrogen
in particular. If the density and pressure are high, hydrogen atoms collide more
frequently and they interact with other atoms in the gas. The collisions can use the
energy levels in hydrogen atoms to shift resulting in broadened hydrogen spectral
lines.

In a giant luminous star, the atmosphere will have very low pressure and density
because the stars mass is spread over such an enormous volume. Therefore atoms
are relatively far apart. This means that collisions between atoms are less frequent,
which produces narrow hydrogen lines.

Now we draw an H-R diagram between luminosity and spectral class. Knowing
both the spectral type and luminosity of a star would help an astronomer to instantly
know where on the main sequence it lies. The H-R diagram is depicted below. It

divides H-R diagram according to luminosity classes so that distinctions can be
made between, for example, giant and super giant stars.

H-R diagram and stellar mass

H-R diagram is a graph between luminosity and temperature. Now we will see
how to depict stellar masses on the H-R diagram. There are five methods mostly
used for the determination of stellar masses. Mass and luminosity have been measured
independently for many stars extending over a broad range of masses. It has been
found that luminosity of a star is directly proportional to cube of its mass. i.e., L o« M’

- It shows that luminosity strongly depends on mass. The masses of stars in the
main sequence are shown in figure below. The above relation says that a star of mass
10M, will have luminosity 1000 times greater than that of the Sun. Further the
knowing L and M, we can predict how long a star will be in the main sequence. A

star’s lifetime is proportional to the mass available to burn and inversely proportional
to the rate at which mass is used up.
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ie. Life time c M _M _ 1

L M M
. 1
Life time oc —

. M?
ass.

That is life time of a star is inversely proportional to the sqﬁare of its mas>:
0 billio®

~ The more massive a star, the shorter its life time. Sun has a life time of 1
years. So a star of 10 solar mass will have a life time of 100 million years #1*

| i 1 .‘
3 the least massive stars (_TE)-MOJ last for trillion years.
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IMPORTANT FORMULAE

1. The relation between distance and parallax
a=1
P
Where d is in parsecs and p is in arc seconds.
2. Relation between AU, ly and pc
(i) 1AU=1.496x10"m
(i) 1ly=9.46x10"m
(iii) 1pc=3.08x10"m
1ly=6.32x10*AU
1pc=2.05x10°AU
l1pc=3.261y
3. Relation between luminosity (L), apparent brightness (b) and distance d
; L =4nd’b
4, Relation between apparent brightness and magnitudes

m,—-m, = —2.510g%’—
: 1

b,

or b, =10%m™
5. Relation between apparent magnitude (m) absolute magnitude (M) and distance (d)
m—M =5(logd -1)
6. Wien’s displacement law
A, T =2900000 nmK

7. Flux (F), luminosity (L) and radius (R)
() F=0oT 6=567x10"Wm?K™

(i) L=FA=4nR’T"
8. . Luminosity (L) of star is proportional to M?

ie. LM

9. Lifetime of a star oc —17
M
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UNIVERSITY MODEL QUESTIONS

Section A
(Answer questions in about two or three sentences)

Short answer type questions

N AR o o

[P
W N = O

14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.

What is astronomy?

What is astrophysics?

Distinguish between astronomy and astrophysms

What is parallax?

What is stellar parallax?

Write down the relation between parallax and distance and explain the symbols used.
What is the limitation of parallax method?

Define luminosity of a star. What is its unit?

Define apparent brightness of a star.

Distinguish between luminosity and apparent brightness.

. What are the factors on which apparent brightness depend?
. 'What do you understand by magnitude of stars?

. Write down the relation between change in magnitudes and apparent brightness of stars

and explain the symbols used.

Distinguish between -apparent magnitude and absolute magnitude.

Write down the relation between apparent magnitude, absolute magnitude and distance.
What is the relation between colour and temperature of stars?

Distinguish between luminosity and flux.

Write down the relation between luminosity, flux and size of a star and explain’the
symbols used?

What is a star? What are its constituents?

What are the different spectral classes of stars?

Write down the spectral classes in accordance with increasing temperature?
Our sun is a G2 star. Explain. :

Why astronomers study about stellar masses? -

What are main sequence star?

What are the sources of energy of main sequence stars?
Write down three characteristics of main sequence stars?
What is an H-R diagram?

What is the importance of H-R diagram?

What is the relation between luminosity and mass of a star?
Draw an H-R diagram and indicate stellar radius,




Basic tools of astronomy 197

Section B
(Answer questions in a paragraph of about half apage lo one page)

Paragraph / Problem type questions

NS R WD

10.

11.

12,

13.

14.

15.
16.

17.

Explain stellar parallax method.

Discuss one method of distance measurement other than stellar parallax.

Obtain the relation between apparent magnitude and apparent brightness.

Obtain the relation between apparent magnitude, absolute magnitude and distance.

Obtain the relation between luminosity, flux and size of stars.

In an H-R diagram what are the informations that you can arrive at regarding luminosity.
If the parallax of the star Shravana is 0.198 arc second, calculate its distance from the
earth in light year. [16.473 ly]
The distance of Bernard’s star from the earth is 5.94 ly. Its luminosity is 1.404 x 10> W.
Find it apparent brightness. , [3.53 x 107" Wm™?]
The luminosity of the star Regulus is 5.46 x 10** W , its brightness is 7.17=10" "Wm™,
Calculate the distance of star from the earth in parsec [25.32 pe)

The apparent magnitude of the star sirius A is —1.44 and that of Regulus star is +1.36
on the magnitude scale of stars. Calculate the relative brightness of the star Sinius A

with respect to Regulus [13.18]
The dimmest star visible to the naked eye has a magnitude of 6. Compare its brghtness
with that of planet Venus whose magnitude is <4 [Venus is 10* times brighter]

The phenomenon of Nova involves the sudden outburst of a star. The star then becomes
much brighter than usual for a few days. In 1995, a Nova appeared in the constellation
of cygnus. In two days, the magnitude of the star changed from +15 to +2. By what
factor did it brightness increase [158493]

The luminosity of the star Betelgeuse in the Orion constellation is 10,000 times that of
the sun and its surface temperature 3000 K. Calculate the radius of the Betelgeuse with

reference to that of the Sun. Take T, =5800K [R=373.6R,}
The apparent magnitude of Aldebaren is 0.80. If it is at 21 parsecs away from the ¢arth,
Calculate its absolute magnitude. [-0811]
A star whose apparent magnitude 10 is located at a distance of 32.6 ly. What is its
absolute magnitude? M= 10]
If the apparent and absolute magnitudes of Sinus B are 8.6 and 11.4 respectively,
Calculate its distance in AU. . [5.646 x 10° AU]J

Find out the ranges of temperature corresponding to which a star will appear red and
yellow respectively. 620 to 770 nm - red and 500 to 600 nm for yellow,

For red 3766.6 ~4677 K
For yellow 4833 - 5800K
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ware. R, =0.90% (0*m and T,
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, «value of solar consta
oy and the v il nton the Surf.

fempers
h]

: . . % HY ( : ¥
The luminosity of the Sun ts 3.9x10 e

e [carth from the Sun. |] 195

: 2 Calenlate the distance ol car SUIL 1495, 1)

of carth is 1388Wm . Calculate the di [0 |
e seent position which is atadistance of 1,496

20. Suppose the Sun is taken from its present | ) e x10",

at 4 light years from carth. Caleyly, Fil

1 ()

| it ated
» carth 1o a new position loc : I
from the | tion to the actual position,

the apparent brightness of the Sun in the new post
[1.56% TRl

|

Section C
(Answer questions in about one 10 two pages)

Long answer type question (Essay)
1. Sketch an H-R diagram and write down all informations that we obtain from j_

Hints to problems

1 to 6 See book work

. I

g=— p=0.198 d will be in parscc. Ipc=3.26ly

L=1.404x10", d=5.94x9.46x%10"

9. L=dnd® - d:(_LJz
4nb

) b
10. We have m, -m, =25 log-g'—, m, =1.36, m, =144 get the result
2

I1. Use m2~m1=2.510g£'- find
b, b
2

12. Use m,-m =-25 log-llz-
bI

m =15, m, =2 find 22
bf
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'l‘ "
.= Ao

I3
L, dnoR T
I;—A .B? -lvl
L, R T
RO(L(rY |
—_— _— ] = —r = e i
Rl ) =10
T, 5800 R
0= 21933, find —
T 3000 find 3

14, m-M=5(ogd-1)
m =0.80, d =21 parsce, find M

32.6
15. m-M=5(ogd -1y m =10, d=2""pc Find M.
- 3.26

16. m=8.6, M=11.4 ;
Using m—M =5(logd —1), d = 2.754pc.  d =2.754 x 2.05 x 10° AU
17. Use A, T =2900000nm
C
T 2900000 am
For red T= M =4677.4K
620
7= 200000 _ 7666k
770

For yellow T = 220000 _ sgnoK
500

2900000

T =4833K

B L, = dnoreT!
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L, = 47[0'R20T;

Calculate T,

9. Use L=Fx4nd®, F=1388Wm™ (given)

[ R

g L] - 3.9x10™
Fdrn 1388x4x3.14

T | —

20. L=4nd’b

L, =4nd’b, L,=4nd; by, equating we get
by _dy 1496 x10"
b, 4 \dx946x107) =1S6x107
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- STELLAR EVOLUTION

Introduction

Like other animate objects in this universe, a star is born, lives for a certain time
and finally dies. Stellar evolution is the process by which a star undergoes a
sequence of radical changes during its life time. During stellar evolution follow-
ing changes are expected to follow protostar, premain sequence stage, main sequence
stage. During the final stage star may undergo a nova or supernova explosion to
become a red giant or supergiant. Depending upon the mass of the star it may end up
with white dwarf or neutron star or a blackhole. ' |

Birth of a star

When we look at a clear night sky we can see the gas clusters here and there. It
contains mostly hydrogen (about 75%) 24% helium and the remainder such as N,
» 0,, CO,, etc. called -metals. If by accidently some denser part of the gas cluster
occurs, then the gas particles, surrounding it are being attracted towards the denser
part due to gravitational force. Through millions of years millions and millions of
hydrogen atoms accumulate over a region. Hence forms a sphere of gas. This tight
cluster of atoms formed by accident and held in grip of its own gravity called a

protostar. : : -

As the proto star consists of millions of hydrogen atoms it experiences a strong
gravitational force. Because of this gravitational force protostar begins to contract.
It is called embryo star. This contraction will go on till it becomes luminous. As
the embryo star contracts, atoms of the gas collide with one another frequently with
greater and greater speeds.
when the hydrogen atoms collide they no longer bounce of each other but coalesce
to form helium or we can say that hydrogen atoms undergo atomic reactions. In
other words, a protostar stops collapsing when the core temperature becomes high
enough to trigger hydrogen fusion. As the material pull it together into a ball, the
pressure of the gas increases. The gas at the centre of the ball becomes extremely hot
When the temperature at the centre reaches about 10 million kelvin. At this tempera-
ture hydrogen fusion can occur efficiently by the proton-proton chain reaction. The
~ Mmoment the ignition fusion process OCCUrS will halt any further gravitational col-

lapse of the protostar. The star’s interior structure stabilizes with the thermal

The gas heats up. Eventually the gas will be so hot that -
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energy created by nuclear fusion maintaining a balance between gravity anq
radiation pressure. This important act of balancing is called gravitational equi.
librium. It is also sometimes referred to as hydrostatic equilibrium. The star is now
a hydrogen burning main sequence star.

The time taken for the formation of a protostar to the birth of a main sequence star
depends on the mass of the star. When the mass of the star increases its life time
decreases. For example a high mass protostar may collapse in million years or less
while a star with 1M, life for 50 million years. This is because L oc M.

The changes that occur to a protostar’s luminosity and surface temperature can
be shown on a special H-R diagram. This is known as an evolutionary track or a life
track of a star. Each point along the stars track (see figure below) represents its
luminosity and temperature at some point during its life and so it shows how the
protostars appearance changes due to changes in its interior. In figure 4.1 evolution-
ary tracks for seven protostars of different masses from 0.5M, to 15M, are shown,

105 F

10* 1

102 L

Luminosity (L)

102 |

1 1 i | 1 1
40,000 20,000 10,000 . 5,000 3,000
<— Surface temperature (K)

Figure 4.1: Premain-sequence evolutionary tracks
(Solid line with arrow mark are evolutionary tracks)
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These evolutionary tracks are theoretical models developed by the Japanese astro-
physicist C. Hayashi and the phase of a protostar under goes before it reaches the
main sequence is called Hayashi phase. Since protostars are relatively cool so the
tracks begin at the right side of the H-R diagram. However, the subsequent evolu-
-tion is very different for stars of differing mass. The masses shown in the H-R dia-
gram is the final mass when it becomes a main sequence star. Also note that the
greater the mass, the higher the témperature and luminosity.

A protostar undergoes 4 distinct phase changes before it reaches the main se-
quence. | |
Different phases of a star in their life track
Phase 1 g

The protostar forms from a cloud of cold gas, thus the evolutionary track starts
from on right most side of the H-R diagram. However, its surface area is enormous
so its luminosity can be very large (L o¢ 4nR?). This luminosity may be 100 times
more than luminous when it becomes.a star.

Phase 2 -

It is due to its large luminosity, the young protostar rapidly loses it energy gener-
- ated via gravitational collapse. So further collapse proceeds at a relatively rapid rate.
Its surface temperature increases slightly during the next million years, but its di-
minishing size reduces the luminosity. The evolutlonary track now progresses al-
most vertically downward on the H-R d1agram

Phase 3

Now the core temperature has reached 10 million kelvin, hydrogen nuclei fuse
into helium. However the rate of nuclear fusion is not sufficient to stop the gravita-
tional collapse of the star. As a result star shrinks and its surface temperature in-
creases. The process of shrinking and heating will result in a small increase in lumi-
nosity over the next 10 million years. The evolutionary track now progresses left-
ward and slight upward on the H-R diagram. :

Phase 4

Both the rate of nuclear fusion and the core temperature increase over the next
tens of millions of years. Once the rate of fusion is high enough to balance the
‘gravitational collapse, gravitational equilibrium is achieved. The result is that the

star settles onto the hydrogen burning main sequence star - a youngster star. (See
figure 4.2) |
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108
Phase 3: The shrinking slows down and the

temperature increases
Phase 1. Acloud of gas and dust become a pro-

wl tostar when radiation no longer escapes f
the interior of the cloud pesrom
Phase 3 Phase 2
i Pha;e 2: The protostar shrinks and heats up
Luminosity (L)
/ Phase 1
NS
1F oot
Phase 4 o/ ™,

Phase 4: The fusion rate Increases until the
pointis reached where gravitational equilib-
rium stabilizes the star.

1072

1 1 L] I i
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Figure 4.2: The evolutionary track of a protostar with four phases

Note: Four phases of the evolutionary track is discussed by taking 1M, .

Premain-sequence evolution and the effect of mass

In the last section we found that how a cloud can contract and become a protostar.
Protostars have different masses. Here we discuss how masses affect the evolution
of protostar before reaching the main sequence.

We begin with a protostar leads to a mass 1M (a star just like Sun). The outer
layers of such a protostar are cool and opaque. Since it is opaque the energy released
as radiation due to the shrinkage of the inner layers cannot reach the surface. Thus
energy moves to the outer layer by convection process. This process is less efficient
and slower. As a result of this the temperature remains more or less constant but
luminosity decreases as radius decreases due to shrinkage. Thus the evolutionary
track moves downward on the H-R diagram. See evolutionary track corresponding
to 1M, in figure 4.2.

The surface temperature is more or less constant but the conditions inside is chang-
ing. The internal temperature increase which reduces the opacity within the pro-
tostar and allows the transfer of energy by radiation in the interior regions and by
convection in the outer layers. This process is ongoing within the sun now. The net
result is that the energy can escape much more easily from the protostar and the
luminosity increases. Thus the evolutionary track bending upward and moves left.
After an interval of a few million years the temperature within the protostar is high
enough - 10 million kelvin - for nuclear reaction to begin. Eventually heat and asso-
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ciated internal pressure increases. This radiation pressure acting outward can bal-
ance the gravitational contraction of the star, there by star reaching hydrostatic equi-
librium. Now the protostar has reached the main sequence - It is now a main se-
quence star.

A protostar with a mass of about or greater than 4M,, contract and heat up at a
more rapid rate and so the hydrogen burning phase begins earlier. The net result is
that the luminosity stabilizes at approximately its final value, but the surface tem-
perature continues to increase as the protostar continues to shrink. In the H-R you
can see nearly constant luminosity (almost a straight line). This is also true for 9M |
and 15M,.

An increase in mass will result in a corresponding increase in pressure and tem-
perature in the interior of a star. In very massive stars there is a much greater term-
perature difference between the core and the outer layers. This allows convection to
occur much deeper into the stars interior regions. In contrast, the massive star will
have very low density out layers, so energy flow in these regions are easily pes-
formed by radiative process.

The main difference between stars of mass greater than 4M | and less than 4M
is that a star with a mass greater than 4M_ will have convective outer layers,
Stars with mass less than IM_ have a very different internal structure. In these
protostars, the interior
temperature of the pro-
tostar is insufficient to
ionise the inner region
which is thus too opaque  conpvec.
to allow energy flow by tion layers
radiation. The only way
lo transport energy is the
convection process. The
radiative, convective and

mass dependence are .
shown in ﬁgurc 43 Convection layers

e Radiative lavets

i) Mass greater than
ahout 4M

) Maw lyisg betwesa
U3M . and 4?&1?:’

If may be noted that all Radiative layens
the evolutionary tracks
end at the main sequence

where nuclear reactions o iy Masa Jewn than D.5M,,
produce energ y by con-
vering hydrogen into he- Figure 4.3: Mass and energy flow dependence
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} 6|
lium. Moreoyer almost all stars 10 i .-
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drostatic equilibrium. Thus main _ i oA
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luminosity relationship. The ooty k. e
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1
0102 051 2 5 10 20 50

is a ratio between
quence, there is a Mass (M)

the mass and the luminosity. This
ratio gives us the life time of the
star in the main sequence.

One important point to be noted is that when a star reaches on the main sequence
almost all stars spend most of lives on the main sequence. That is stars live 90% of
their lifetimes as a younger star. The remaining 10% time is spent in the aged stage
such as giant, supergiant white dwarf, neutron stars and blackholes

Finally we say that masses of stars have limits. It has been theoretically deduced
that stars above 150-200M, cannot form. If a star of mass above 150M, is formed
it generates so much gravitational energy which cannot be balanced by the radiation
pressure. Such stars undergo implosion and tear themselves apart. There is also a
lower limit for the formation of stars, It is less than 0.08Mo. The stars with a mass
less than 0.08M,, can never achieve the 10 million kelvin core temperature neces-
sary to ini_tia(? n}.\clear fusion. Such stars are called failed stars, They slowly radiate
their energy till it becomes cool. These objects are called brown dwarfs and seem t0
occupy between planet and stars. Brown dwarfs radiate energy in the infrared re-

gion, so it is very difficult to detect them, A bro was
detected in the year 1995 and named as Gliese 229‘”]'3‘ dwarf of mass 0.05M,

Galactic clusters

Figure 4.4: Mass-luminosity graph
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When time passes the group of stars gradually get dispersed. Since the massive
stars have much shorter life times they may not be able to escape from their birth
place, where as smaller stars which have long life time may escape from their birth
place.

If a cluster containing several thousand stars, their combined gravitational pull
towards the centre will slow down the dispersion of the group. Thus clusters can be
divided into two, globular clusters and open clusters. Open clusters are called galac-
tic cluster. The closed clusters contain the oldest population of stars where as galac-
tic clusters contain youngest star population.

A small collection of gravitationally bound younger stars containing 10 to
100 stars without having particular shape is called a galactic cluster. Stars in the
galactic clusters can be distinguished. Pleiads (Karthika) and Hyades (Rohini) are
examples of galactic clusters. The members of galactic cluster need not have the
same brightness. Some are bright and some are faint stars. The stars that makeup
a galactic cluster are called population I stars, which are metal rich and usually
found in or near the spiral arms of the galaxy. The size of galactic cluster can from a
few dozen Iy to about 70 Iy.

Galactic clusters are dissimilar in appearance and vary in character. This is due to
their circumstances of birth. It is the interstellar cloud that determines both the num-
ber and types of stars that are born. Factors such.as size, density, tu.rbulencc?, tem-
Perature and magnetic field all play a role as the deciding parameters in star birth. In
the cage of giant molecular clouds (GMC) the conditions can give rise to both O and

'ype stars along with solar type dwarf stars, where as in small {nolecular clc:iud]i
Me) only solar type stars will be formed. An example of SMC is the taurus darl

clougd which I . i
ies beyond the pleiads star cluster. '
e il ¢ process of star formation and the

B : h
Y observing a star cluster we can study ¢ e ample sec H-R diagram for

Nerection between low and high mass AA llation. From the diagram
C 2264 cluster located in monoceros (unicorn) conste7ation:

000 K almost
I a0 be seen that the hottest star with a temperature °|§ i?olu(;o%)% K and below
“ached majn sequence while stars with temperatures 2oop;

it
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concluded that this cluster is very young only

i Ltis
have not reached main sequence < ance of 800 pc from carth.

two millions years old and it is at a d

106~

Main sequence
10°

Luminosity 10*
(Ly)

(o}

102 -

L 1 1 1
40,000 20,000 10,000 5,000 3,000 .
<— Surface temperature (K)

Figure 4.5: H-R diagram of a cluster NGC 2264

So far thousands of galactic clusters have been discovered, only a few are ob-
served to be at distances greater than 25° above or below the galactic equator. Some
parts of the sky are very rich in clusters. The constellations cassiopea and puppis
(Amaram) contain large number of clusters, ' :

Star formation triggers

Here we discuss about what are the caug
mechanisms by which star formation trigg,

They are
() The spiral arms of a galaxy

" (i) Expanding H II regions
(iii) Supernovae

es of protostar formation, There are three
ers. They have dissimilar origins.
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The spiral arms of a galaxy '

We found that spiral arms of galaxies are 3 pyi ; i
is because the gas and dust clouds temporarilyp]:illr:i;l?:::;::]o;:,a: fo;n ti This
centre of galaxy. In Su.Ch a spiral arm the molecular clouds are c:)):n nr:I 0:4;1 oy
passes through the region. In the molecu], pressed.as it
formation occurs.
Expanding H II regions

Massive stars (O type and B type) emit immense amount of ultraviolet radiation.
This causes the surrounding gas to ionise and an H II region is formed within the
molecular cloud. The strong stellar wind and ultraviolet radiation curve out a cavity
within the molecular cloud into which the H II region expands. The stellar wind is
moving at supersonic speed as a result a shock wave associated with this supersoni-
cally expanding H II region then collides with the nest of the molecular cloud. This
process compresses the cloud there by star formation begins to occur. This mecha-
nism is occurring in orion nebula. The four stars of the trapezium are ionising the
surrounding material. The nebula is located at the edge of a giant molecular cloud of
mass 5,00,000M,, .

Supernova

Supernova is a catastrophic explosion of a star in its old age. In this explosion the
out layers of the star are tear into pieces and thrown away. The ejected outer layers
move in space with an incredible speed, may be several thousand kilometres per
second results in shock waves. This shock waves impact the material in the interstel-
lar medium triggering further star formation.
The Sun

The Sun is the nearest star to us which lies on the main z‘scqqence. The l}S‘un 1}:
been in the main sequence for the last 50 million years and it will remux:m eir:s o
other 50 million years. Here we discuss on the internal structure, t:) ::_c ans o
€hergy production and the manner in which energy transported from its s

Onearth,

The internal structure of the Sun
The internal structure of the sun mainly €0
Sphere (jj) convection zone (iii) plasma zone (i¥

(') PhotoSphere
Itis the visible surface of the sun which b
like a wel defined surface from the eart

s . ;
ar cloud’s densest regions vigorous star

mprises 5 parts. They are (i) photo-
) radiation zone and (v) core

000 K. Though it

a temperature of 5 )
as 8 tempe e than the earth’s

h, it is a gas less dens!
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atmosphere. Both the density and temperaturé steadily increase as we go towards
the core of the Sun.

(ii) Convection zone

Convection zone is the very turbulent area beneath the photo sphere. In this area
energy generated in the core of the Sun travel upward, transported by rising the
columns of hot gas and the falling of cool gas taking place. This process is called
convection, hence the name convection zone.

(iii) Plasma zone

Descending deeper through the convection zone the pressure and density increase
quite substantially along with temperature. When we reach at a stage where the gas
is under extreme conditions of pressure and temperature becomes ionised. This re-
gion is called plasma region. Plasma is a collection of positively charged ions and
free electrons. The temperature of this region is about 2 million kelvin. This region
absorbs photons. The density of this region is far greater than that of water.

(iv) Radiation zone

This region is in the more stable plasma state and one third of the way down to
the centre. The temperature of this region is about 10 million kelvin. Here the energy
is transported outward primarily by photons of X-ray radiation.

(v) Core '

The central region of the Sun is called the core of the Sun. The temperature is
about 15 million kelvin. This is the region where nuclear process takes place. Hence
it is also called as nuclear burning zone. Here hydrogen is being converted into
helium. The density of this region is about 150 x 10’ kg m~. This means that the
density is about 150 times that of water. The radius of the inner core is about 25% of
the total radius of the sun. Beyond this radius (upward) practically no nuclear reac-
tion takes place. .

See also the figure given below.

100% Convection carries
energy outward

Convection zone

Energy produced in core
is transported outward

by photons

Nuclear reactions produce
energy in core

Radiative zone

Nuclear-buming
zone

Figure 4.6: Internal structure of the sun

B R e

R
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The inner core of the sun contains only about 34% hydrogen whereas the outer
core contains 71% hydrogen. The reason is that for the last 4.6 billion years hydro-
gen has been converting into helium. The luminosity of the Sun is 3.8 x 10% joules
per second. If we could somehow capture all of the energy for one second, it would
be sufficient to meet all current energy demands for the human community for the
next 50,000 years. But remember that only a tiny fraction of this reaches the earth.

According to the current model of energy production in the Sun, nuclear fusion is
the source. With this energy the Sun will shine for 10 billion years. Among this 4.6
million years elapsed and the remaining 5.4 million years further to go by the Sun.
According to this model the size of the Sun is stable. This stability is maintained by
balancing the gravity pull acting inward and radiation pressure acting outward.

The proton-proton chain reaction

The main source of the energy of the sun is through the process of nuclear reac-
tion. Sun contains immense amount of the hydrogen. The fusion of hydrogen into
helium releasing energy was first proposed by the British astronomer Arthur
Eddington in 1920 but the details of the reaction were came out only after 1930.

Hydrogen nucleus contains only one proton whereas helium nucleus contains
two protons and two neutrons. So four protons are required to produce a helium
nucleus. Collisions of four protons never make a helium nucleus, because no such
reaction is found to occur in laboratories. The actual reason is that when protons
collide it is due to mutual repulsion they move apart and cannot involve in reaction.
For any reaction to occur there are some conditions required. One is that protons
have to move with very high velocity. This condition exists in the centre of the Sun.
At the core of the Sun, the temperature is about 15 million kelvin and the proton will
be travelling at about 1 million kilometers per hour. Even at this fantastic speed the
probability of occurring reaction is very small. A single proton would take neasly
about 5 billion years to get reacted with another photon. However, as there are so
many protons in the Sun’s core, every second 10* of them can undergo a reaction.

_ Now we believe that proton and proton undergo reaction in a series of manner
nvolving two reactions at a time. This is called proton-proton chain reaction. This
reaction involves three steps.

Step 1

Two protons fuse to form a deutirium nucleus, a positron and a neutrino,
Le. 'H+'H— *H+f" +v

The positron B” (a positively charged electron) does not last long, it will soon
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meet up an electron producing two gammarays that are absorbed by the surrounding
gas. Neutrino rarely interacts with matter and so pass straight out into space.

Step 2

The deuterium now fuses with a proton producing a helium nucleus (*He) and
gamma rays. The *He nucleus consists of consists of two protons and one neutron.

ie. - 2H+'H - *He+y
Step 3 |

* Finally two *He nuclei combine to form *He nucleus and give back two pro-
tons.

ie. 3He+3He—-)“He+2 H
So the net result of reaction is

6'H— ‘He+2'H

The total energy released in this process worked out is 26.72 MeV So the com-
plete reaction can be written as

6'H— 4H¢.3+2 H+2472 MeV.

Calculation of energy released

In proton-proton chain reaction though 6 protons take part, it glves two proton,
only 4 protons converted 1nto He nucleus.

Mass of one proton, m, =1.6726x 10%kg

Mass of four protons =4x1.6726x107% kg
| =66904x107 kg
Mass of helium nucleus = 6.645x10% kg
The difference inmass = 6.6904x10" —6.645x107
| Am =0.0454x107 kg.
This difference in mass is converted ioto energy according to Einstein’s mass-
energy relation E=mc’. =

The energy released, = AE = Amc? = 0,0454 X 10'l27 x(3x10%)2
~ AE=0.4086x10™"]
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Converting this into MeV, we get

-1
E= 0';‘%861"01_?3 MeV
O X
AE =25.54 MeV . .

It may be noted that the Sun converts about 600x10°kg of matter into

596x10°kg of helium in every second. The missing 4x10°kg of matter are con-
verted into energy. A rough calculation shows this figures.

We found that 4 protons having mass 6.6904 x 10" kg is converted into helium
of mass 6.645x107%kg.

Am _ 0.0454x107
m  6.6904x107

Let M be amount of hydrogen converted into helium in every second. Out of

=0.7%.

which only 0.7% is converted into energy. i.e. Mxloﬁc2 energy is released. But

the energy released by the Sun in one second is 3.8x10%J s~ (Luminosity of Sun)

0.7 B\2 _ 2%
MxlOOx(3x10) =3.8x10"

3.8x10% %100
or M= 82
. 70.7x(3x10 )

=600x10kg.

0.7% of this is 600x10° x IOTZ) =4x 1_09 kg is converted into energy.

Mass converted into helium is 600x10° —4x10° =596x10°kg

Energy transport from the core to the surface

Energy produced in the central region of the Sun in the form of X-ray photons
flows outward towards the surface. If the Sun were transparent these photons reach
the surface after 2 seconds. The Sun is transparent means there are no interactions
between photons and electrons. If there were no interactions between photons and
electrons, time taken by the photon
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X radius of the sun
~ v speed of light

6.9x10"
= 3
- 3x10

i.e. light takes only 2.3 seconds to exit the Sun if there were no interactions.

=23s.

But the Sun’s gases are not transparent. So during the passage of photons, every
now and then they collide with nearby electrons. The electron can actually absorb
the photon and takes its energy. This causes the electron to jump out of its orbit to
new higher orbit. Since the electron can only exist at specific energy levels, this
usually results in the electron giving off a photon and goes back to its stable orbit. So
technically a photon born in the middle of the Sun never makes it to the surface. It s
. always absorbed and re-emitted as another photon. Photons are continuously ab-
sorbed and re-emitted throughout the interior of the Sun. The emitted photon will
not necessarily emitted in an outward direction but rather a totally random direction.
This results in an apparent dance like motion of the photons inside the star. This
slow dance like motion of photons is called random walk. By such a random walk
photon travels along a zig-zag path from the centre of the Sun to its outer surface.
Finally, the photon escapes from the Sun’s surface. During their random walk, the
photons which are X-ray photons at the core become optical photons by the time
they reach the surface. ‘

- The above discussion shows that there is a considerable time delay before energy
produced at the core reaches the surface. On an average photon takes about 1.7 x 10°

years to reach the surface. This time taken by a photon to leave out of the Sun is
called photon diffusion time.

A simple calculation confirms this long delay in time.

Total photon energy
Luminosity

1.4x10%

T=— = 12
3.8x10% 3.68x10™s

3.68x10"
=

~ 3.15x107 YOS

or t=1.17x10° years. -
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The above discussion brings us two important informations. Firstly, when we
observe sunlight, we know nothing about what is going on at the core at the moment
of observation. This is because the light we see now created in the core some thou-
sands of years ago. Secondly suppose Sun ceases to produce energy, we can notice
this only after thousands of years. This implies that the brightness of Sun is very in
sensitive to changes in the energy production.

Binary stars

The stars that may appear to the naked eye to be just one star, but on observation
with either binoculars or telescopes resolves themselves into two stars are called
binary stars or double stars. Many stars appear as double stars due to their position
in the same line of sight as seen from the earth. These are called optical doubles.

Binary stars are actually pairs of stars gravitationally bound and revolve
about a common centre of mass with a common period.

Classification of binary stars

Binary stars are classified into four. They are (i) spectroscopic binaries (ii) eclipsing
binaries (iii) astrometric binaries and (iv) visual binaries.
(i) Spectroscopic binaries are binaries which cannot be resolved even by largest
telescopes. These binaries can be distinguished by analysing their spectra.

(i) Eclipsing binaries are binaries in which one of the stars moves during its orbit in
front of its companion. The binary star Algol belongs to Perseus constellation is
an example for eclipsing binary.

(iii) In astrometric binaries one star is too faint to be seen and its presence is inferred
from the perturbations in the motion of the other star. The binary star Sirius
belongs to o Canis major (big dog) constellation is an example for this.

(iv) Visual binaries are binary stars in which two are far enough apart to be seen
separately by an optical telescope. In this one of them is bright and the other is
faint. The brighter star is called primary star and the faint one is called secondary
or companion star. The two stars in this binary can be observed visually hence
the name.

The study of binary stars are very important. This is because by observing the
period of motion of binary we can determine their mass, which will help us to deter-
mine the evolutionary processes of stars.

Here we discuss only about visual binaries. To locate visual binaries two impor-
tant terms are to be studied. They are separation and position angle (PA).
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Separation

Separation is the angular distance between the two stars measured in sec-
onds of arc. This angle is measured from the brighter star to the fainter.

Position angle

Position angle is the relative position of the secondary star with respect to
the primary star. It is measured in degrees. Now our aim is to depict separation and
position angle of a binary in a graph. For this imagine a coordinate system whose
origin is the primary star. The north direction is assigned as 0°, due east 90°, due

- south 180°, due west 270° and back to 0° as shown in figure.

O°
N
270° /‘ o W > E
. Primary star '
S .
, 1800

Figure 4.7

In each year calculate the separation and position angle and mark it on the graph.
For example the separation and position angle of the star y Virginis (a visual bi-
nary) is plotted below.

2070

2100

2120 0

2020
2015
L 0100,

2005 180°

2140

Figure 4.8: Separation and position angle of }' Virginis
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From the graph it can be readily seen that in the year 2000 the separation between

the two stars is 1.8" at PA of 267°. It may also be noted that the separation and PA
are constantly changing. Stars with long period of time will have no appreciable
change in PA for several years.

Masses of orbiting stars

The masses of visual binary can determined by using Kepler’s third law (T? o 2*)
and Newton’s law of gravitation. The first experimental evidence of Newton’s law

T Gmlm 2 ' . ‘ . .
of gravitation F = 2 came from the observation of time period of binary stars.

Consider a binary system of two stars A and B of masses m, and my (where
m, > my) forming a pair and bound by their mutual gravitational attraction. These
stars are revolving around their common centre of mass (CM) of the system in their
elliptical orbits such that CM remains constant. See figure below.

Figure 4.9

- Let r, be the distance of star A from the CM and r;; be the distance of star B from
the CM. Then |

I, +Iy =T e (1)
the separation between the two stars.
From the definition of centre of mass we have

Ala=Mgly - . g, (2)
Fror'n'cq (D), Ip =r—r,
Put this in equation (2), we get

m,r, =my(r-r,)
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_ rnBr .
or rA - mA+mB ----- 4(a)
_(my +m5)r
r= m, A e 4(b)

The gravitational force exerted on the star of mass m, by the star of mass m_is

F_Gm{,\mB
- 2
r

If the path of the orbit is circular, the centripetal force required (m,r,w?) is
) . Gm,mg | -
supplied by the gravitational force | F = Q|

Gm, mg 2
i.e. _;2__=mArAm ..... (5)

Substituting for r from eqn 2, we get

Gm, m,
2
(mA +m8) 2
A
. Mg

3
B

(m,+m,? G

2
=mM,I,0

352
m _['A(D

or

2n

T where T is the time period of the binary star.

Using 0=
my, _r4r
(m, +m,)* TG

Substituting forr, -from eq 4(a), we get
m’, _ mr’ 47
(m,+my)* (m,+m,)’ T’G

P
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2

. 2 4n 2 6
or G(mA +m B)Z """ ( )
This is the Kepler’s third law T? c .
: 3
m,+mg=——r . - .. 7
or A B GT2 ( )

Knowing the time period (T) of the binary star and the separation between the
two stars (r). The total mass of binary star can be determined. Determining one of

the masses of binary, the other can be determined.
With much more rigorous calculation (see example 2), considering elliptical or-
bits, we get
2
T 3
m,+m,=——a . 8
A B GTZ ( )

Where a is the semi major axis of the elliptical orbit of one star and T is the time
period of one star to complete one rotation around the other.

If we express masses m, and m, in terms of solar mass m_, a in astronomical |

2

. : 4
unit and T in years, the value of —g— turns out to be 1. Thus we have

| a3
mA+mB=F ..... (9)

Determination of T and a

To determine the total mass of the binary, we have to determine the time period
of the one star with respect to the other and the semi major axis of the orbit. For this
we determine the stars orbits by observing one star for several years. This may take
afew years or tens of years, but we can eventually determine the time needed (T) for
one star to completely orbit the other. Knowing the orbit of one star with respect to
the other we can calculate the semi major axis.

Example 1

Consider the double star system Sirius A and Sirius B. The orbital period of the
binary is 50 years and the semimajor axis is 19.8 AU. Determine their combined
mass.




. 3
a
7. - —
We have m, +My =5

198" 77624
m. +M, =T "IN
TR sy 2310

m, +m, =309 m,

Example 2
0 Stars s, and s, with masses m and 2m respee-

A binary star system consists of tw '
tively separated by a distance 1. If boths and s, individually follow circular orbits

. v
around the centre of mass with spoeds v, and v,. Calculate -\—'
Solution
s t CM s,
From the figure we have o— J o -
m r, 2m

mr, = 2mr,

r, =2r,
but L+r,=

[+L=r

t 2

For the star s,

For the star s,

i i i T

it p—— s A

R ————
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Gm2m 2my

1
[+ 2

e (2)

eq () gives
eq(2)

Lifetimes of main sequence stars

So far we have been discussing how a star is formed, how, the mass of stars can
be determined and how long does it take to become a star etc. Now we shall discuss
how long a star will remain on the main sequence and what are the changes in the
internal structure of star.

All stars on the main sequence are fundamentally alike in their cores. This is
because it is here that stars convert hydrogen into helium. The process of convert-
ing hydrogen into helium is called core hydrogen burning.

The time that stars spend on the main sequence, the stars with smaller masses live
longer.

Main sequence lifetimes for
stars of different masses are de-
picted in the figure given below.

It may also be noted that high
mass stars are extremely bright
this is because high mass stars use
up their fuel hydrogen at a fast
rate. This will in turn reduce their
lifetime. For example O-type
stars are much more massive than
M-type stars. Thus O-type stars Mass (solar masses) :

) Figure 4.10: Main-sequence lifetimes for stars of
use their fuel at faster rate than diﬂ‘erent mass
M-type stars. Hence the luminos-
ity of O- -types stars higher and lifetimes are shorter compa:ed to M-type stars. O-

...
e
o

10° =

As the mass of a star increases, main-

10° o e
\s:quence lifetimes decrease

107 =

Main-sequence lifetimes (years)

1 | | | 1 |
0 5 10 15 20 25 30
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type stars have luminosity 80,000 L, and lifetime 3x10° years Wheréas M-t
stars have luminosity 0.08L, and lifetime 56,000><106 years. The mass, lumin);
a s-

ity and life time of some stars are given in the table 4.1. ,

Table 4.1 Mass,, spectral class, and main-sequence lifetimes

Mass, M, | Temperature, K Spectral class [ Liminosity, Lq an'selq(;encm
U” years
25 35,000 0] 80,000 -+ g T
15 30,000 B 10,000 11
3 11,000 A 60 640
1.5 7000 F 5 3600
1 - 6000 G 1 10,000
0.75 5000 K 0.5 20,000
0.5 4000 M 0.08 56,000
Red giant stars

When stars are in the main sequence, they use up their hydrogen fuel and con-
“verting into helium producing huge amount of energy. This will go on occurring for
millions and millions of years. When all the hydrogen has been used up, the energy
production ceases. At this time star begins to use up its gravitational energy [0 Sup-
ply its energy needs. Thus the core will start to cool down so the pressure decreases
with the result that the outer layers of the star will begin to compress the inner coré
by its weight. The effect is to increase the temperature of the core and heat flows
outward from the core. This heat formed is
not due to nuclear reactions but due to con- |
version of gravitational energy into thermal

energy.

In a short time the hydrogen layers sur-
rounding the core become t00 hot to start
nuclear reactions. This conversion of hydro-
gen into helium taking place only in a thin
shell around the core. This process is called
shell hydrogen burning. See figure 4.10.
This time core is helium rich and outer layer i
is hydrogen rich. The shell where energy pro- Figure 4.10: Star with shell
duction occurs is very thin. ; " hydrogen-burning
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For a star like Sun, the hydrogen consuming shell develops immediately after the
core ceases production of energy so that output energy is almost a constant. For
massive stars the time interval to change from core nuclear fusion phase to the be-
ginning of the shell hydrogen burning phase is of the order of thousand to million
years.

The new supply of energy and thus heat further increase the rate of shell hydro-
gen burning. The by-product of the hydrogen fusion which is helium falls into the
core which is already rich in helium. It heats up the core there by core again con-
tracts and its mass increase. The core compression results in increase of temperature
to about 15 million kelvin to 100 million kelvin.

At this temperature stars inner core is invisible to our eyes. Now we have a con-
tracting inner core star with increased flow of heat and a ever expanding shell of
hydrogen burning. As a result of this stars luminosity increases quite substantially.
The increased temperature inner core increases the pressure, which makes the outer
layer of the star to expand many times of their original radius. The tremendous
expansion of the outer layer makes it cool. The temperature comes to about 3500 K.
Thus the out layer seems to be in red colour. This giant red in colour star is called red
giant. ,

There are so many red giants that are observable in the night sky. Some of them
are Capella A, Arcturus, Aldebaren, Pollux, Mirah, etc.

According to the present knowledge most of the stars with a mass greater than or
equal to the sun’s will eventually become red giants. This means that one day our
Sun becomes a red giant and large enough to swallow up mercury and venus.

Helium burning

When a star becomes a red giant the inner core is full of helium nuclei which is
the byproduct of hydrogen burning nuclear reaction. Then helium will be next fuel
for burning. This is the helium burning phase. As the star becomes a red giant the
core temperature is too low to initiate helium burning. At the same time the hydro-
gen burning shell surrounding adds mass to the core, resulting in further contraction
of the core. Owing to this core becomes denser and the temperature increases sub-
stantially. As the temperature increases the electrons in the gas become degenerate.
This degenerate electrons resist further contraction of the core and the internal tem-
perature can no longer affect the internal pressure.

As the hydrogen shell continues to burn, the degenerate core grows even hotter
and the temperature becomes 100 million kelvin core helium burning begins, con-
verting helium into carbon and oxygen releasing energy. During this state of star’s
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life its size is only about 1AU in radius and luminosity is 1000 times brighter thap
the Sun. Once again, the old star which left the main sequence, obtained nuclear
energy. ' .
The helium burning in the core fuses three helium nuclei to form a carbon nuclei.
This is called triple alpha process. This occurs in two steps.
Step 1 ' ‘ ‘

Two helium nuclei combine to form an isotope of beryllium.

Le. ‘ 4He+4He——"®Be -~

This isotope of beryllium is very unstable and quickly breaks up into two helium
nuclei. But in the extreme conditions in the core, a third helium nucleus fuses with
beryllium before the break up and a stable isotope of carbon is formed and energy

released in the form of Y -ray photon (y)

ie. *Be+‘He—— "C+y

Since helium nucleus is also called as q -particle, the process is called triple
alpha process.
Step 2

The carbon nuclei so formed can also combines with another helium nuclei pro-
ducing stable isotope of oxygen and releases additional energy.

ie. 2C4+*He—— "0+

These byproducts (carbon and oxygen) of helium burning is called ash.

The formation of carbon and oxygen not only produces more energy but also re-
establishes thermal equilibrium in the core of the star. The prevents the core from
further contraction due to gravity. This life time of a red giant in the helium burning
stage is only 20% as long as the life time it spend burning hydrogen burning on the

main sequence. For example the life time of Sun in the main sequence is 10 billion
years but it will spend only two billion years in the helium burning phase.

The helium flash

The mass of a star plays a vital role in deciding how helium burning begins ina
red giant. If the mass of star is greater than 2-3M_, the helium burning begins
gradually as the temperature of the star approaches 100 million kelvin. Then the
triple o process.is initiated, but if occurs before the electrons become degenerated.
However if the mass of the star is less than 2-3M, the helium burning stage
begins suddenly in a process called helium flash, T hlS is due to the most unusual
conditions prevailing in the core of the star.

s
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The energy that is produced by the triple o process heats up the core and its

temperature rises. This increase and subsequent rise in energy production can cause

the temperature to reach 300 million kelvin. It is due to the rapid heating of the core,
a nearly explosive consumption of helium occurs. This is called helium flash. At the
peak of the helium flash, the energy output of the core is about 10" to 10" times
greater than the solar luminosity. When the temperature of the core becomes 300
million kelvin electrons become non-degenerate and they behave like ordinary elec-
trons in a gas. '_[‘hé result is that the core expands which ends up in helium flash.

It may also be noted that the helium burning in the core lasts for a relatively short
time. For example a star like Sun, the period after helium flash will only last about
100 million years which is about 1% of its main sequence life time.

~ Star clusters, red giants and the H-R diagram

So far we have been dealing with stellar evolution and its ultimate fate starting
from protostar to red giant. During this very long processes, we noticed several
changes regarding the temperatures, the life times, the luminosities, the phases etc.
Now we are going to indicate all these changes in an H-R diagram, so we get evolu-
tion track of stars at one glance. This is depicted in the figure given below, Stars are
formed from protostars and are about to join main sequence. That is we begin with a
youngster star. The following points may be depicted on the H-R diagram.

1. A youngster star is in the main sequence and hydrogen burning is the process
taking place and the star is in hydrostatic equilibrium. These stars are often
referred to as zero age main sequence stars (ZAMS). This is represented by the
curve I on the H-R diagram. From this curve we can read off the temperature
and luminosity corresponding to mass of the star.

2. We know that life time of a star depends on its mass, larger mass stars lives
shortly. During this life time hydrogen has been burning and converting into
helium and the luminosity increases accompanied by an increase in stars radius.
So the stars move away from curve 1. Finally the stars reach at curve 11. This
curve represents the end of the hydrogen burning. That is main sequence star is
spread over the space between curve I and II.

This shows that the main sequence on the H-R diagram is a broad band or ribbon
like rather than a single curve.

3. When hydrogen fuel has been exhausted the nuclear reaction ceases and there is
a sudden fall in temperature. Thus the stars move from left (high temperature) to
right (low temperature) on the H-R diagram. This is represented by evolutionary
tracks with arrow marks. It may also be recalled that at this phase luminosity
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remains almost constant. The core is contracting and outer layers expanding g
energy flows from, the hydrogen turning shell (Red giant).

1 3
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Hydrogen-burning
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Temperature (K)

Figure 4.11: Post main sequence evolutionary track for several stars of different masses

4. The cusp of every evolutionary track represents a red giant. When the mass of
“ red giant is small (less than 2-3M ) helium flash occurs. This time the star
shrinks and becomes less luminous and the temperature rises. So the evolutionary
track moves down lower luminosity) and also to left (increase in temperature) ,
on the H-R diagram. This is indicated by two stars symbols on the H-R diagram.
In the case of high mass stars (greater than 2-5M ) core helium burning exhibit
downward turns on the H-R diagram. See points 1, 2 and 3 marked. The evolution-
ary track then makes an upward turn to the upper right. This occurs just before the
core helium burning begins. After the start of helium-burning, the core expands, the
outer layers contract the evolutionary track fall from temporary high luminosities. It
may also notice that how the truck moves back and forth on the H-R diagram. This

represents the star’s adjusting to their new energy supplies.

We can observe the evolution of stars from birth to the helium burning by look-
ing youngster clusters and comparing actual observations with theoretical calcula-

tions.
Post main sequence star clusters: The globular clusters

A collection of gravitationally bound stars formed in spherical in shape and
found around the galactic centre is called globular cluster. ' -
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A cluster contains about 10,000 to one million stars. Since the stars are metal
poor they are found to be distributed in spherical shape around the galactic centre

with a diameter about 10 ly to 300 ly. The number of globular clusters is found to

increase as we move towards the galactic centre. Towards the galactic bulge there
are high concentration of globular clusters. Sagittarius (Dhanu) and Scorpius
(Vrichikam) are examples of globular clusters. ’

The origin and evolution of a globular cluster is very different from that of a

galactic cluster. All stars in a globular clusters are very old. Any star massive than G
or F-type might have already left the main sequence and moved towards the red
giant stage. Thus no formation of new stars within the globular cluster is possible in
our galaxy. Thus they are believed to be our galaxies oldest structure. In fact the
youngest of globular clusters is still far older than the oldest galactic cluster.

Although the stars within a globular cluster are formed in similar conditions,
stars differ in their sizes. _However when we look at stars from the earth all seen to be
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Figure 4.12: Colour-magnitude diagram for the globular clﬁster M3
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about at the same distance. To find out the distance and age of a cluster we dray a
special kind of H-R diagram called colour-magnitude diagram. On a colour-magp;.
tude diagram, the apparent brightness is plotted against the colour ratio for many o
the stars in a cluster. The colour ratio of a star can tell us the surface temperature of
the star, when we compare colour-magnitude H-R diagram with an ordinary H.g
diagram we can very well calculate the distance of a cluster. If the stars in a cluster
lie at the same distance the apparent brightness (magnitudes) can tell us their re];.

tive luminosities. A colour-magnitude diagram for the globular cluster M3 is givep
figure 4.12.

The following informations are obtained from the colour-magnitude diagram.

1. Inthe graph we can seen that the upper half of the main sequence has disappeared.
This means that all of the high mass stars in a globular cluster have evolved into
red giants, a long time ago. The low-mass main sequence stars (lower part of the
graph) are very slowly turning into red giants.

2. On the left of the diagram (up) we can see grouping of stars. This is called the
horizontal branch. Stars in this horizontal branch are called horizontal branch
stars. These stars are low mass, post helium flash stars with luminosity about
50L. In these stars there are both core helium burning and shell hydrogen
burning. In the future these stars will also move towards the red giant region as
the fuel is exhausted. : | '

“3. As time passes, the main sequence stars will be smaller and smaller in number.
The top of the main sequence, which remains after the specified time can be
used to determine the cluster’s age and is called the turnoff point. The stars that
are at the turnoff points are those that are just exhausting the hydrogen in their
cores, so the main sequence lifetime is in fact the age of the star cluster.

" Many stars in the globular cluster are visible to optical instruments. Some are
even visible to the naked eye. Some stars not visible due to the presence of gases and
dust particles near the galactic centre. :

The nearest globular cluster, for example Caldwell 86 in ara (althara) constella-

tion lie at a distance of 6000 ly from the galactic plane. So it cannot be detected by

* small telescopes. Even the brightest and biggest globular cluster can be seen only by
telescope of aperture 15 cm.

Pulsating stars (Pulsars)

Stars which emit light signals and undergoing continuous expansion and
contraction at regular intervals of time is called pulsating variable stars o
shortly pulsars.

Stars which emit radiosignals are called radio pulsars, those which give out X-

e v .V o

o s b 8
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rays are called X-ray pulsars. It has also been discovered that some stars emit 7 -ray
pulsars.

First pulsar was detected in the year 1967 by Joselyn Bell and Anthony Hewish.
This is named as PSR 1919 + 21. The time period of the pulse emitted by this pulsar
is 1.337 seconds. For this discovery Anthony Hewish was awarded the physics Nobel
Prize in the year 1974. In those days people believed that the signals are sent by
some intelligent extraterrestrial creatures. But 1978 Thomas Gold and Franco Pachini
suggested pulsars are rotating neutron stars.

The time period of the pulse is not the same for all pulsars. It varies from some
milliseconds to 5 seconds. For example the time period of Crab pulsar is 0.033
second. It is due to the high precision of time period the pulsars are regarded as the
cosmic clocks. '

On the basis of the H-R diagram we can explain pulsars. We found that when
star’s masses are far massive than the Sun that contract and move honizontally across
the H-R diagram, while at the same time they get hotter but remain at a constant
luminosity. As they move across the H-R diagram these stars are unstable and change
their size by alternately by contracting and expanding.

There are several classes of pulsars such as long period variables, the Cepheid
variables, and RR Lyrae variables. These will be discussed later. The figure below
shows where these different classes of pulsars reside on the H-R diagram.

106—.
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Figure 4.13: Variable stars on the H-R diagram -
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Why do stars pulsate

It has been realised that some stars pulsate not due to the variations in the
rate of energy production in the inner core but due to changes in the rate at
which energy can escape from the star. The explanation is as follows.

- Imagine a normal star, where there is a perfect balance between the gravitational
force acting inward and the force due to radiation pressure acting outward. Now
suppose that somehow the force due to radiation pressure of the star at the out layers
exceeds the gravitational force of the outer layers the star would begin to expand at

' 1
the outer layers. As the star expands naturally gravity force falls down (F % r—z)'

but the pressure force will fall at a faster rate. A time would then come when the star
will have expanded to a large

size such that hydrostatic equi-

\
l
Gravity
‘ '
g | librium is once again regained.
‘ .
\

AT
S A 1. Pressure forces exceed gravity and

. the pulsating star starts to expand
This does not mean that star

would stop expanding. Itis due

fonertia C)SpaI.ISIOH continues, 2. Gravity and pressure balance each
thereby upsetting the balance. other, but inertia makes the star
But the gravity pull will stop  continue to expand

the expansion as the radiation
force is too low to balance the
gravity. So the outer layers
would begin to fall inward. At
this point gravity will rise again

Gravity

Gravity

3. Gravity exceeds the pressure and
the star begins to contract

1
F°C 7 but less than the

pressure. The outer layers will
fall past the balance point until . _
the force of pressure would pre- 4 Pressure and gravity once again
vent any Further fall. so would achieve a balance, but the inertia
ty halt Th, : " makes the star continue to contract
" come to a halt. The process
g . . continues forever. As a result
L'.:'?f“ - star pulsates. See figure 4.14.
e ~ The pulsating star behaves
- something like the oscillation of a spring attached to a mass. In thls case there is 2
balancing and unbalancing between gravity and tension acting on the spring. After

Gravity

Figure 4.14: Gravity and pressure during the
pulsation cycle of a pulsating star
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sometime the oscillation will die due to the presence of damping force. In order to
sustain the oscillation it requires outward push. In the case of pulsars what is the
extra force that would sustain the expansion and contracting was a challenging prob-
Jem to astronomers.

In 1914 the British astronomer Aurther Eddmgton gave an explanation for this..
He suggested that a star pulsated because its opacity increases more when the gas is
compressed than when it is expanded. Heat is trapped in the outer layers if a star is
compressed, which increases the internal pressure this in turn pushes the outer lay-
ers. As the star expands the heat will escape and so the internal pressure falls and the
stars surface drops inward.

In 1960, the American astronomer Johncox further developed the ideaof Eddington
and proved that helium is the key to the pulsation of stars. When a star contracts, the
gas beneath its surface gets hotter, but the extra heat does not raise the temperature
instead, it ionises the helium. This ionised helium is very good at absorbing radia- -
tion. In other words, it becomes more opaque and absorbs radiant energy flowing
outward through it. This trapped heat makes the star expand. This then provides the -
push that propels the surface layers outward. As the star expands, electrons and
helium ions recombine and this causes the gas to become more transparent.

In effect we can say that for sustained pulsations star must have a layer beneath
its surface in which helium is ionised. The existence of such a layer depends on the
size and mass of the star as well as on the temperature. The range of this temperature

is from 5000 to 8000 K. There is a region on the H-R diagram, where such an area
exists and it is the location of the pulsars. This is called the instability strip. The
Cepheid variable pulsars and RR Lyrae pulsars are found in this region.

Cepheid variables and the period-luminosity relationship

Cepheus is an important and noteable constellation in the northern celestial sphere.
It lies between Cassiopeia and Draco (Vyali) constellations. According to Greek
mythology the constellation is the replica of king Cepheus of Ethiopia, hence the
name Cepheus constellation. This constellation contains so many pulsars such as
delta cephei, mucephei, VV cep, lambda cephei etc. §-cephei is a pulsar with peri-
odicity 5.4 seconds. It is a yellow giant star whose luminosity changes by a factor of
two over 5.4 seconds. It has a companion star with blue colour. This means that it is
a binary star. Stars which contract and expand with a constant periodity are called
are Cepheid variables. Among these groups of stars the first star to be discovered .
was § cephei variable star. All stars discovered after §-cephei were called as
, CEpheld variables. Variation of §-cephei in luminosity, size and temperature ver-
sus time period are plotted in the same graph.
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1
From the graph it can be seen that its minosity \
. luminosity and temperature have a maxi- . (Lgd s N

mum value when its size has a minimum .y '

value and vice-versa. That is its size is at
its maximum when its luminosity and tem- 0
7000

perature are at minimum. |
i impor 6000—/ ™ / N

The study of Cepheids are very 1mpor-
Temperature

tant for two reasons. (1) The Cepheids are 5000
‘ (K) ]
very luminous (100L, to 10, 000L,) 11 |
they can be seen even though they are at Size I_OJ\/ -\ f )

great distances (few million parsecs) (2)
There exists a relationship between the
pulsation period and its average luminos-
lty This is called period—luminosity rela- Figure 4.15: The size, temperature and

tionship. " Juminosity of §-cephei during one period

If a star can be identified as Cephied
its period can be measured. Then its luminosity and its an

can be determined. This can then be
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Time (days)

d its absolute magnitude

used along with its apparent magnitude .
to determine its distance. T
Cepheid stars are classified into two v .

according to the amount of metals 10 Type I Cepheids

present in the stars outer layers whicha ~ Luminosity

determines how it pulsates. This is be- (Lo) -

cause metals can have substational ef- Type II Cepheids

fect on the opacity of the gas. If a

cepheid is a metal rich population I star 10°-

itis called a type I Cepheid and if itisa

metal-poor population 11 star, it is called 1 | 1 !

type Il Cepheid. Period-luminosity re- 18 Pcﬁog’ : da}i‘)’ 100

:322?12}:3;2?:;1}; i:_:’? 4[ 5;%6)8 of cephettls Figure 4.16: Period-lumino.sity rt.alalionshp for
the two types of Cepheid variable star

Note ‘

Population I star

These are bright, supergiant, main sequence stars wnth high luminosity. Ex-
amples O-type, B-type and members of galactic clusters and &cephen.
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population II star

These are old stars found in globular clusters. These are also called as ©-
Virgins.

Examples: RR Lyrae and the central stars of planetary nebulae.

Temperature and mass of Cepheids

The period luminosity relationship comes about because the more massive stars
are also the most luminous stars as they cross the H-R diagram during core helium
burning. These massive stars are also larger in size and lower in density during this
perioci of core-helium burning and the period with which a star pulsates is larger for
lower densities. So the massive pulsating stars have greater luminosities and longer
periods. This is shown in figure below.

We have seen that old high mass stars have evolutionary tracks that cross back
and forth in the H-R diagram and thus will intercept the upper and of the instability
strip. Such stars become cepheids when the helium ionises at just the right depth to
drive the pulsations. Those stars on the left (high temperature) of the instability surip
will have helium ionisation occurring too close to the surface and involve only 2
small fraction of stars mass. The stars on the right (low temperature) side will have
convection in the stars outer layers and this will prevent the storage of the bheat
necessary to drive the pulsations. Thus Cepheid variable stars can only exist in 2
very narrow temperature range.

]06—
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Luminosity (L)

10° 4

variable stars

Main sequenge

T T L
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Figure 4.17: Instability strip and evolutionary trucks for stars of different mass
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The death of stars ) R
So far we learned about the formation of protostar, _prejmal?l Sequenie Stag_e,_

main sequence stage and red giant. It is the mass of a star dec1desf ow 1t will end it

life. Low mass stars can end their lives in planetary nebulae before proceeding ¢,

-white dwarf stars, where as high mass stars end their lives in supernova explosiop

Depending upon the mass of the remants of supernova eXPIOSIOn it gy become
neutron star or a blackhole. We shall see this one by one.

Now one very important question to be addressed stars live for m.ilhons, billions
or even hundreds of billions of years, then how can we say effflrmatlyely. tha_t a star
dies? After all, we have only been in this planet for 4.5 billion year S and studying
astronomy for about 10,000 years. Fortunately, nevertheless it is possible to observe
the many fundamentally different ways in which a star can end its life.

Asymptotic giant branch

We found that how a star becomes a red giant at the end of its main sequence life
time. When a star becomes a red giant it moves left across the H-R diagram along
the horizontal path as its luminosity remains almost constant. This is called the hori-
zontal branch. When the star (Red giant) is in the horizontal branch it has helium
burning core which is surrounded by a shell of hydrogen burning. It is due to g-
triple process carbon and oxygen are the by-products present in the core. This will
continue for a long period time about 100 million years. During this time all helium
fuel has been used up and converted into carbon and oxygen when helium fuel ex-
haust nuclear fusion stops. Thus force of radiation is not able to balance the gravity
force so the core contracts. However the core contraction is stopped by the degener-

luminosity. This phase of a star’s li
or AGB. The stars in this region

The AGB star consists of g central core with carbon

helium burning shell which in turn is Surrounded | .

further surrounded by a hydrogen burning shel).
Now the size of the star js

feis called the
are called AGR Stars,

Xygen mix surrounded bY_a
Y a helium rich shell. This i

gigantic, The core region ;
. s r > |
e i e Bari{ CElon is about the same size as th

S the orbj N
1Lof the earthy, The luminosity of these St
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are very high. For example an AGB star of mass 1M, its luminosity is about
10,000L . It is calculated that after 8 billion years our Sun becomes an AGB star.

There are so many AGB stars have been discovered. Some of them are star mira
belongs to Ocetius (Thimingalam) constellation, R leonis belongs to Leo (Simham)
constellation, R aquarri belongs to Aquaris (Kumbam) constellation.

The pictorial representation of the structure of an AGB star is given below,

Hydrogen-burning shell
Helium-rich shell —=

L’e

Helium-buming shell —

o L =

Carbon- and oxygen-rich core

Figure 4.18: The structure of an AGB star

The end of AGB star’s life

A red giant in phase I after about 100 million years reaches in phase II region
called an AGB star. As time passes an AGB star grows in size and increase in its
- luminosity along with an increase in the rate of loss of mass. The mass loss can be
10*M_ per year. This means that our Sun after becoming an AGB star lives only
for another 10,000 years. This shows AGB stars cannot go long away. If a star of
mass less than 8M  its stellar wind will strip away the outer layers almost down the
core. This indicates the end of the AGB star. For stars greater 8M,, AGB star will
end up in an explosion called supernova. This will be discussed later.

The formation of AGB star results in the production of carbon and oxygen via-o.-
triple process. This will enrich the interstellar medium with carbon and oxygen.
This indicates that the carbon in our body and all living creature on earth was formed
many billions of years ago inside an AGB star by the ¢ -triple process. It was then
dredged up to the stars surface and expelled into space. Later by some means, it

formed the precursor to the solar system and planets and all life on earth. ThlS leads
us to think that cverythmg made of the stuft of stars.
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Planetary nebulae

The interstellar space which consists of gases and dust particles of clouds js
called as nebula. Nebula is a Latin word meaning cloud. In the study of stellar
evolution nebulae plays an importance since nebulae are the birth places of stars,
The debris of star explosion also come under the definition of nebula. Here we dis-
cuss about planetary nebulae.

A planetary nebula is an interstellar space containing gases and dust par-
ticles of clouds, fastly moving debris thrown away by the AGB stars at_their
* ends of life with glowing core of stars. The planetary nebula was firstly discovered

" by astronomer Charles Messier in the year 1764. But the name was given by the
astronomer William Herschel in the year 1783.

- Formation of planetary nebulae

- At the end of the AGB phase what remains is the degenerate core of carbon and
oxygen surrounded by a thin shell in which hydrogen burning occurs. The dust ejected
in AGB phase will be moving outward at tens of kilometres per second. As the
debris moves away, the hot, dense and small core of the star will become visible.
The aging star will undergo a series of bursts. During each burst ejects a shell of
material into the interstellar space. The glowing inner core gives out almost constant
luminosity for few thousand years and temperature of this comes about 30,000K to
- 100,000K. At this temperature star will emit huge amount of ultraviolet radiation§,
which can excite and ionise the expanding shell of gas. The totallity of all these 1s
called as planetary nebula.

‘In our galaxy alone there are about 1500 planetary nebulae were discovered s0
far. - o

White dwarf stars

We found that how AGB stars end their lifes. AGB stars which have mass;s less
than 4M_, the internal pressure and temperature produced inside the cores at 1ts end
of their life'cannot ignite the carbon and oxygen in the cores. In this situation the |
stars throw away their outer layers leaving behind very hot carbon-oxygen rich cores.
So.the cores stopped their energy production by nuclear fusion and begins to cool
down over a vast times scale. The cooling dead bodies or remnants of stars are called
white dwarfs. As these stars emit white light and smaller in size they are called
white dwarfs. The size of such stars are about 300 kilometres only.

Electron degeneracy

~ * Asthe star sheds away its outer layer, it begins to contract. As the size decreas¢
~ the mass of the white dwarf increases so the gravity pulls increases. The increase n

ses
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mass and decrease in size is unlikely to our thinking. But this is true for white dwarfs.

This is because of high density increase. The temperature that exists in the core

brings the electrons to a peculiar state of affair called degeneracy. The degeneracy is

.a quantum phenomenon. According to Paulis exclusion principle no two electrons

can occupy the same quantum state, so electrons progressively go to higher energy

states to occupy. As a result they acquire high velocity and pressure. This pressure is

called degenerate pressure. The force of degenerate pressure balances the gravity

pull of the contracting star. This is what is happening inside a white dwarf. It is
further emphasised that larger the white dwarf’s mass smaller its size.

The Chandrasekhar limit

It is due-to the degeneracy of matter inside the core, the density of the star in-
creases so also its mass. The increase in mass results in increase gravitational pull,
~ so the size of the star decreases. This means that when more and more degenerate
matter is formed the size of the star becomes smaller and smaller. However this
increase in mass cannot go indefinitely. It has been calculated by the Indian as-
~ trophysicist Subramanyam Chandrasekhar that there is a maximum limit to

“the mass attained by white dwarfs. The mass is about 1.4M_. This limiting
mass of white dwarfs is called Chandrasekhar limit. For this discovery
Subramanyam Chandrasekhar was awarded the physics Nobel Prize in the year 1983.
When the mass of a star exceeds this
mass limit 1.4M, the force due to
degenerate radiation pressure can- -
not balance the gravity pull. As a
result star again contracts thereby
electrons and protons inside the Radius (R,)
core fuses to form neutrons. De-
pending upon the mass of the star it
may become a neutron star or a
blackhole.

The mass-radius relationship of :
white dwarf stars are depicted in the 0 0.5 1.0 1.5
figure 4.19. Mass (M)

Note: The mass of the star is ex- Figure 4.19: Mass-radius relationship for
pressed in terms of M, and white dwarf stars
radius is expressed in terms of that of earth (M).

Which stars become white dwarfs in their old age. The stars whose mass is less
than 1.4M in their old age become white dwarfs. The star of types O, B and A

Radius decreases
as mass increases

2.0

1.0 4
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which have larger masses can also become white dwarfs provided, they shed of thejr

masses during their AGB phase II. After shed of mass if the mass is less than 1.4M
becomg: white dwarf. On the other hand they become neutron stars or black holes.

The final question to be answered is “what is white dwarf star made of*? It con-
sists of mainly ionised oxygen and carbon atoms along with fast moving degenerate
electrons. As the star cools down the electric forces between ions dominate over
their random thermal motion. So ions no longer move freely but are aligned in or-
derly fashion and they behave like a giant crystal lattice. In this crystal lattice the
degenerate electrons move freely in this giant crystal like electrons move freely ina
copper wire. The density of white dwarf is about 10° kgm=. This is about one mil-
lion times the density of water (10° kgm™). For example a teaspoon of white dwarf
weights about 5.5 tonnes equal to the weight of an element.

M=Vp, V=55cm®=5.5%x10"m’
M=5.5x10"°x10° =5.5x10°kg

M=5.5 tonnes.
Volume of the teaspoon is 5.5 cm® on the average.

White dwarf evolution

When an AGB.phase II star becomes a white dwarf it shrinks to an ultimate size
with no nuclear fuel. However it will still have a very hot core with immense heat so.
the surface temperature is ‘
very high. For example
the surface temperature _
of white dwarf Sirius B 1

. . o 025M,
(the companion of Sirius Luminosity (L) 05M.

- A) is about 30,000K. As 107 = 0.8M,
time passes heat will be o 1My
radiated into space and 107
they become cool, so o ‘
their luminosity become .y :
lesser. The more massive o

I T

Main sequence

white dwarfs will have
smaller surface are so

—

| 1
also their luminosity, for 100000 30000 10000  3.000
a given temperature. - ‘ Temperature (K)
When we represent this . Figure 4.20: White dwarf evolutionary tracks
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on a H-R diagram the evolution tracks of massive stars are below those of the less-
massive stars. An H-R diagram showing the evolutionary tracks of white dwarf stars.
with different masses are shown Figure 4.20.

‘The theoretical model of the evolution of white dwarfs gives us important infor-
mations. The white dwarfs with a mass of 0.6M, will fade to 0.1L in about 20
million years. Any further reduction in luminosity takes longer times. This means
that it will take 300 million years to fade to about 0.01L  and billion years to take to
get to 0.001L . It will take about 6 billion years to reach about 0.0001L,. At this
luminosity white dwarf will have the same temperature and colour (white) of the .
Sun. The white dwarfs with masses greater than 0.6M , have more heat content and
so will take even longer time to cool down and grow famt

In the case of the sun, it will eject most of mass into space and eventually endsup
about the same size as the earth, but luminosity changes dramatically and it becomes

0.01L_ . After 5 billion years the luminosity becomes 107 L, and gradually fades
away from our view.

The white dwarf origiﬁs

All, so far, discovered white dwarfs are found to be originated from the central
part of the planetary nebulae where AGB Il phase stars were living and end their
lifes. The masses of stars were also found in well agreement with Chandrasekhar
limit (1.4M_). But even though theory matches with experimental observations,
there is still uncertainty in the initial mass of the stars leading to white dwarfs. Cur-
rent ideas suggest a limit of 8M . Those main sequence stars that have between 2
and 8M ; produce white dwarfs of mass of 0.7 and 1.4M, where as main sequence
star less than 2M, produce white dwarfs of mass 0.6 to 0.7M_. The lower mass
stars in the main sequence have incredibly long lifetimes, the universe is not old
enough to produce white dwarfs. From this we can conclude that there are no white
dwarfs with mass less than 0. 6M . The time taken for the evolution from giant stars
to white dwarf can be in between 10,000 to 100,000 years.

Some examples of white dwarf stars are Sirius B belongs to Canis major (big
dog), Procyon B belongs to Canis minor (small dog), 0 eradani 40 belongs to Eradinus
(river) and Van Maneen’s star Wolf 83 belong to Pisces (fish) constellations.

High mass stars and nuclear burning

The life of high-mass stars are different from these of low-mass stars. Through-
out the entire mass of a low-mass star only two nuclear reaction occur. The hydro-
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gen bummg and helium burmng The by-products of this burning are carbon and
oxygen. |

In the case of zero age mass greater than 4M,, the temperature involved is very
high so several other nuclear reactions will also occur. Since the carbon-oxygen
core is more massive than the Chandrasekhar limit 1.4M, the gravity pull is very
high and so the degenerate pressure cannot stop the core from contraction and heat-
ing. '

After hydrogen burning and helium burning some helium will be left in the core.
This cannot initiate further nuclear reaction. But the process of helium capture oc-
curs. This is the process of fusing of helium into progressively heavier elements.
The core begins to contract with rise in temperature to about 600 million kelvin. At
this high temperature, the helium capture can give rise to carbon burning and the
carbon can be fused into heavier elements such as oxygen, neon, sodium and mag-

nesium. The carbon fusion produces a new source of energy which restores the bal-
ance between pressure and gravity temporarily.

If the star has mass greater than 8M , further reactions will occur. In this phase,
the carbon burning may only last a few hundred years. The core contracts further
and temperature rises. When the temperature reaches 1 billion kelvin, the neon burning
begins. Neon is the by-product of earlier carbon burning reaction. In neon burning
there is an increase in the amount of oxygen and magnesium in the core. The neon
reaction lasts as little as one year. In each stage of reaction temperature increases
there by further reactions occur. When the temperature reaches 1.5 million kelvin
oxygen burning will occur with the production of sulphur. When the temperature
reaches to 2.7 million kelvin silicon burning occurs. This reaction produces several
nuclei from sulphur to iron. |

Despite the very dramatic events that are occurnng inside the h1gh -mass star its
outward appearance changes only slowly. When each stage of core nuclear reaction
stops, the surrounding shell burning intensifies and therefore inflates the star’s outer
layers. Then each time the core flares up again and begins further reactions, the
outer layers may contract slightly. This is the reason why the evolutlonary track of
high mass stars moves in zig-zag path. See figure 4.11. '

Some of the reactions that occur also release neutrons. They collide with positive
charged ions and combine with them. The absorption of neutrons by nuclei is termed
neutron capture. In this reaction many elements and isotopes are produced.

It is due to stars high mass events occur at a very fast rate, with each successive
stage of nuclear burning proceeding at an ever increasing rate. Calculations show



that for 20-25M, zero age stars the carbon burning stage can last for ébout 600

years, while neon burning stage can be as short as one year. The oxygen burning last
only 6 months and the silicon burning only one day.

At each core burning, a new shell of material is formed around the core of the
high mass star and after several such stages the internal structure of the star re-
sembles an onion. See figure below.

Nuclear reactions are taking place in several different shells simultaneously and
the energy released will heat a rapid rate such that the out layers can expand to huge
size. The star now is called as supergiant. The luminosity and temperature will be
very much higher than those of giant stars. -

Nonburning hydrogen
Hydrogen fusion
Helium fusion

Carbon fusion

Carbon fusion
Oxygen fusion

Neon fusion
~ Silicon fusion
Inert iron core

Figure 4.21: The multiple-layer structure of an old high-masé star 20-25M

Many of the brightest stars in the night sky are supergiants. Some examples are
1. Rigel and Betelgeuse in Orion (hunter) constellation. ’
2. Arcturus in Scorpius (scorpion)» constellation

3. V.V. Cephi in Cepheus constellation
The size, temperature of the above supergiant stars are given below.

Name Temperature in K Size M,
‘ Rigel 11,000

Betelgeuse 3700 700

Arcturus — :

V.V Cephi i -y 1990

Stelldr evolution >' 241
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Supernovae and formation of the elements

When a massive star becomes a supergiant, it cannot go on forever as such
as there is only finite material to burn. Thus the star undergoes yet another
change (gravitational collapse). It is star death. The change is highly catastrophic

at the same time spectacular. This gravitational collapse of the star is called
supernova.

During the final days of supergiant, the core of inert iron, in which there are no
nuclear reactions taking place, is surrounded by shells of silicon, oxygen, neon,
carbon, helium and hydrogen. Since the mass is very heavy the force due to degen-
erate pressure cannot balance the gravity force. Hence the star undergoes collapse.

A consequence of core contraction is an increase in density, which in turn gives
rise to a process called neutronisation. This is a process in which electrons react with
protons in iron nuclei to form neutrons and neutrinos.

ie. , e +p——>n+v

This results in speeding up of contraction (collapse). In seconds the core of radius
of thousands of kilometres to about 50 kilometres. Then in few seconds it further
contracts to 5 km. This time core temperature increases to about 500 million kelvin.
The gravitational energy released as a result of the core collapse is equal to Sun’s
luminosity for several billion years. Most of this energy is in the form of neutrinos,
but some is in the form of gamma rays, which are created due to the extremely hot
core temperature. These gamma ray photons interact with iron nuclei resulting in the

- production of alpha particles. This process is called photodisintegration.

After a very short time of about 0.25 seconds, the core of mass of about 0.6M

to 0.8M,, will reach a density equal to that of nuclei about 4x10” kgm™. At this

point neutrons become degenerate and force due to degenerate pressure balances
- gravitational pull and further contraction stops immediately and the inner most part

Step 1: The iron core Step2: The neutron-rich Step 3: The shock wave
collapses _ - core rebounds moves outward

Figure 4.22: Evalutioin of a supernova explosion

e——
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of the core becomes rigid. This called a neutron star. The inner most part actually
rebounds outward and pushes back against the rest of the infalling core, driving it
outward in a pressure wave. This is called the core bounce. This is illustrated in
figure 4.22. _

At this stage the core cools down so also the pressure. The result is that the bal-
ancing will be upset. Owing to this the material surrounding the core falls inward at
a speed close to 15% of the speed of light. This inward moving material encounters
the outward moving pressure wave which moves at a speed of one sixth the speed of
light. In just a fraction of a second the falling material now moves back outward
towards the stars surface.

The upward moving wave of pressure speeds up as it encounters the less dense
regions of the star and achieves a speed greater than the speed of sound wave. The
pressure wave now becomes a shock wave. The neutrinos present in the core escape
from the star in a few seconds but the shockwave takes few hours to reach the sur-
face. Most of the material of the star is pushed outward by the shockwave and is
expelled from the star at many thousands of kilometres per second. The energy re-
leased during this event is about 10*° J, which is 100 times more than the entire
output of the Sun during the last 4.6 billion years. The visible light that we see
during the event is only 1% of the energy released.

It has been proposed by astrophysicists that up to 96% material making up the
star may be ejected into stellar medium that will be used in future generations of star
formation. But before the matter is ejected, it is compressed to such a degree that
new nuclear reactions can occur within it. It is these reactions that form all the ele-
ments that are heavier than iron. Elements such as tin, zinc, gold, mercury, lead,
uranium etc. are produced. These elements that make up the solar system, the earth
was formed long ago in a supernova.

From statistical considerations it is calculated that there should be about 100
supernovas in a year in our galaxy alone. In the year 1987 we observed a supernova
in the large megallance cloud galaxy another one observed in our galaxy several
hundred years ‘ago. Since galaxy is filled with dust and gas they block the light

‘coming from supernova, so it is very difficult to observe them. Now we believe that
the stars Betelgeuse and Eta carina are on the verge of becoming supernovae.

Supernova remanants
Supernova remanant (SNR) is the totallty that includes the debrls of the

explosion, the layers of the star that have been thrown into space and the re-

mains of the core which is a neutron star.
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The visibility of SNR depends on several factors such as its age, energy source
that remains to make it shine and the type of supernova explosion.

As the remnant ages, its velocity will decrease from 10,000 kms™ to about 200.
kms™'. During this time it will fade. A few SNRs have a neutron star at their centre
that provides a replenishing source of energy to the far-flung material.

An example of SNR that undergoes this process is the crab nebula MI in Taurus
(buffalo) constellation. What we see is the radiation produced by electrons travel-
ling at velocities near the speed of light as they circle around the magnetic field.
This radiation is called synchrotron radiation. This radiation is pearly, faint glow
that we observe. Some SNRs glow as the speeding material interacts with dust grains
and.atoms in interstellar space, while others emit radiation due to the tremendous
kinetic energies of the exploding material. '

Caldwell 33 and 34 belongs Cygnus (swﬁn) constellation, Messier I belongs to

Taurus, sharpless 2-276 belongs to Orion (hunter) constellation are examples of
supernova remanants.

Supernova types .

Supernovae can be classified into two types depending on the spectra emitted by
them. They are (i) type I supernovae and (ii) type II supernovae.
Type I supernovae

Supernovae which ‘contain no emission lines of hydrogen in their spectra are
called type I supernovae.

Type I can be further divided into types type Ia, type Ib and type Ic. Type Ia has
absorption lines of ionised silicon and types Ib and Ic do not. Type Ib has helium
absorption line whereas type Ic does not.

Type II supernovae

Supernovae which contain emission lines of hydrogen in their spectra are called
type II supernovae.

Distinctions between various supernovae

(i) Types Ib, Ic and II are massive stars but type Ia stars have had their outer layers.
~ stripped away either by a strong stellar wind or action of a nearby star.

(ii) Type Ib, Ic and II are found near sites of star formation since massive stars have
short lives. But type Ia supernovae are found in galaxies where star formation
may be minimal or has even stopped altogether.

(iii) Type I supernovae involve nuclear energy and emit more energy in the form of

electromagnetic radiation, whereas type Il involve gravitational energy and emit
enormous number of neutrinos.
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pulsars and neutron stars

We found that neutron stars are created at the middle of supernovae renanants.
When a massive supergiant undergoes a type II supernova explosion, the outer lay-
ers.thrown into space and what remains is the central core. The central core has
become a neutron star. The neutrons in this star become degenerate due to the high
density of the collapsing core. The neutron stars were predicted by Robert

Oppenheimer and George Volkoff in the year 1939 on the basis of the calculated
properties of a star made entirely of neutrons.

The actual structure of the star is not known completely, but there are many theo-
retical models that accurately describe the observations. Many of their properties
are similar to those of white dwarfs. For instance, an increase in the mass of a neu-

tron star will result in a decrease in radius with a range of radii from 10-15 km. The
mass of the neutron star can be from 1.5-2.7M .

The other two important properties of a neutron star is its rotation and magnetic
field. A neutron star rotates hundreds or even thousands of times per second. It is
due to conservation of angular momentum. When materials are thrown away from
the star in arbitrary directions they pick up angular momentum. As it contracts its
moment of inertia (I) decreases, so to conserve angular momentum angular velocity
(w) should increase as I is a constant. Another property is that, like every star has

a magnetic field, neutron star also has magnetic field. The strength of the magnetic
field is about 100 milliontesla.

Some neutron stars are believed to be in a binary system. These neutron stars are
X-ray bursters leading to pulsars. We already discussed pulsars. The generally ac-
cepted model of a pulsar is in which the magnetic axis is tipped with respect to the
axis of rotation. Very energetic particles travel along the magnetic field lines and
beamed out from the magnetic poles. As the neutron star rotates around its rotation
axis the beamed radiation sweeps across the earth and the pulse is detected.

Blackholes

When a star burns out of its fuel and its core mass is equal to three or more
times of solar mass, it comes to the end of its life called blackhole. Blackhole is

asuperdense planetary material which neither emits nor reflects any light from
it and appears to be black. !

Itis because of enormous gravitational pull and there is no opposing force inside
(completely burnt out) to half this, blackhole continues to contract. A ray of light
trying to leave the blackhole will be pulled back. That is even a ray of light cannot
escape from it. The minimum mass of the blackhole is 3M_ but there is no upper
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limit for the mass of a blackhole. When the mass is greater than 10°M o+ itisknown
-as super massive blackhole.
A blackhole is described by three parameters (i) singularity, (i1) Schwarz’s child
radius and (iii) the event horizon.

Astrophysicists conjectured that there are three types of blackholes. They are
(1) stellar blackholes (ii) primordial blackholes and (iii) super massive blackholes.

Stellar blackhole

‘Subramanyam Chandrasekhar established that when a star burns out of its hydro-
gen fuel, if the mass of the inner core is greater than 1.4M,, it undergoes gravita-
tional collapse and becomes a neutron star with small radius. But if the mass of the
inner core is greater than 3M,, the star continues its contraction due to gravitational
collapse thereby overcoming the electron degeneracy and neutron degeneracy and
ultimately attain a critical radius with small volume. As there is no signal can come
out of this critical radius it is called event horizon.

Primordial blackholes ~ S

The study of Stephen Hawking indicates that during the time of big bang at some
places matter experiences high pressure and undergoes gravitational collapse and
creating micro blackholes. For instance an object of mass equal to that of earth when
contracted to a radius of lcm, then it becomes a micro blackhole: In these small
blackholes quantum effect dominates. From these blackholes rays tunnel out or
vapourise. This phenomenon is called hawking radiation. However there is no pos-
sibility of existence of these blackholes now. In strict sense micro blackholes are not

blackholes.

Supermassive blackholes

Recent studies revealed that there are blackholes with masses 10°-10°M exist
in our galaxy and in outer galaxies. These blackholes are called supermassive
blackholes. It is shown by calculation that the age of the blackhole is proportional to
the cube of its mass. Hawking shown that the age of stellar blackhole is about 107
years where as that of the universe is only 10" years.

There are so many theoretical models of blackholes. They are (i) Schwarzchild
" model (ii) Ker model (iii) Ker-Neumann model and (iv) Reissner-Nordstrom model.
Schwarzchild blackholes are non-rotating and electrically neutral blackholes.

Rotating and electrically neutral blackholes are called Ker blackholes. Rotating
and electrically charged blackholes are called Ker-Neumann blackholes. |

In Reissner-Nordstrom model blackholes are non-rotating but electrical charged.
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Among the four models Schwarzchild model is the simplest one. We discuss only
about this blackhole. Before discussing blackholes in detail we have to recall what is

escape velocity. Escape velocity (v,) of an object is velocity that needs to escape the

pull of gravity of a celestial object. It is given by

= 2GM
. e R .
where M is the mass of the celestial object and R is its radius.

Here our celestial object is the blackhole its escape velocity is greater than the
velocity of light c. In the limiting condition we can take v_=c.

._ [25Mm

B R

- - 2GM -
or - R= )
C

Knowing G, the mass of the blackhole M and ¢ we can calculate the radius of the
blackhole. If we are dealing with a Schwarzchild blackhole, R is called Schwarzchild

radius.
2GM

sc= 2

c®
substituting the values of G, M and ¢ we get

2x6.67x107" xMg

ie. ' R

sc (3)(108)2
" 2x6.67x107" x2x10%
R.= 910" =2964m
R, ~3km.

This critical radlus of a blackho]e whose mass is equal to one solar mass is called
Schwarzchild radius.

Schwarzchild blackhole

Astronomer Karl Schwarzchild applied Albert Einstein’s field equation in gen-
eral relativity for blackholes. He solved field equations under the assumption
that the blackhole is non-rotating and electrically neutral, thereby he could be
able to describe a blackhole relativistically. This is called Schwarzchlld

blackhole.
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When a star contracts, due to gravitational collapse, a radius less than Schwarzchild
radius becomes a blackhole we can consider Schwarzchild radius as the event hori-
zon. What happens to the matter that is compressed into event horizon depends upon
the rotation of the blackhole. If the blackhole is non-rotating (Schwarzchild black
hole is non-rotating) the matter collapses to point with spherical symmetry. Techni-
cally speaking the point to which the star collapses is called singularity. At this point
the volume of the matter goes to zero and gravity becomes infinity. Owing to the
enormous gravity, matter is'compressed to a small region of space where the iden-
tity of matter is lost and the whole laws of physics will fall flat within this region of
singularity. However a rotating Ker blackhole would not have to face the phenom-
enon of singularity. Then the event horizon of rotating blackholes are not spherical
and their poles are flattened.

Though the blackhole cannot be seen, their existence can be predicted by their
influence in the neighbourhood. For instance if a blackhole is a companion of a
binary star they rotate about the centre of mass. By observing changes in the visible
star we can calculate the mass and the distance of the other invisible companion. If
the mass is greater than 3M we can conclude that companion is a blackhole. If one
of the stars in the binary is a red giant and the other is a black hole, blackhole attracts
matter from the outer layers of red giant by its enormous gravity. These attracted
matter rotates about the black hole forming accretion disc. The matter in the accre-
tion disc is in the plasma state when this matter fall into event horizon, owing to

their enormous speed it emits X-rays. This X-ray sources m space indicate the pres-
ence of blackholes.

Recent experiments have shown that in the constellanon Cygnus there is an X-
ray source, Cygnus X—1 which consists of a supergiant revolving around a small
invisible companion with a mass ten times that of the sun. The companion of Cyg-
nus X1 is thought of to be a blackhole. Recently X-ray observatories installed in
space observed so many X-ray sources in space. Among these 75% are believed to
blackholes. '

UNIVERSITY MODEL QUESTIONS -
Section A
(Answer questions in about two or three sentences)
Short answer type questions
1. What is stellar evolution? -
2. Whatisa protostar?
3. What'is an embryostar?
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
AR
2.
2.
2.
. Classify the binary stars.
26.
27.
. What is astrometric binary? Give an example.
29,
30.
3L
.
33

35.
36.
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What is meant by gravitational equilibrium-of a star?
What is an evolutionary track of a star?

What is Hayashi phase?

Draw the mass-luminosity graph.

What is the main difference between stars of mass greater than 4M and less than
0.4M,, show in their evolutionary track?

Write down the limitations of stars masses.

What is a brown dwarf?

What are galactic clusters? Give two examples?

What do you meant by population I stars? Write down their pecularities.
What is the use of observing galactic clusters?

Write doWn three origins of triggering star formation.

What constitutes the internal structure of the Sun?

What is photosphere?

What is convection zone of the Sun?

What is radiation zone?

What is proton-proton chain reaction?

What is meant by radom walk of photons in the Sun?

What is diffusion time? .

What are the informations given by very long diffusion time?
Brightness of Sun is very insensitive to changes in the energy production. Justify.
What are binary stars? Give two examples.

What is a spectroscopic binary? Give an example.
What is an echpsmg bmary‘7 Give an example.

What is a visual binary?

Define the terms (i) separation and (u) position angle (PA).

What do you understand by the term ZAMS?

What is the difference between zams and main sequence star?

Define the lifetime of main sequence star.

Write down the relation between lifetime of main sequence star and it mass.
Show graphically, how does main sequence life time vary with mass.

Distinguish between O-type stars and K-type stars with reference to luminosity, -

temperature and life time.
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9.
40.
41.
42,
43.
A4
45.
46.
47.
48.
49.
50.

)

56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
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Wh.ul is ared giant? Give two examples.

Write down the nuclear fusion reaction of helium burning in the red giant?

What are the ashes of helium buming?

What is helium flash in red giants?

Draw ill'-l H-R diagram indicating main sequence and the evolutionary track of red giangs?
The main sequence on the H-R diagram is a broad band not a line. Why? T
What are globular clusters?

Write down any two properties of globular clusters.

What is colour-magnitude H-R diagram?

What are the uses of colour -magnitude H-R diagram?

Draw a colour magnitude H-R diagram.

Distinguish between galactic and globular clusters.

What are horizontal branch stars?

What is the significance of turn off point in the colour-magnitude H-R diagram?
E’gla; gljaﬂ:‘a} meaning of the missing part of main sequence in the colour -magnitude H-
What is a pulsar?

What is the main cause of pulsation in pulsars?

What is instability strip?

Show pictorially the four stages of variation of gravity and pressure during the pulsating
cycle of a pulsar.

What was the explanation given by Arthur Eddington for a pulsating star?

What are Cepheid variablés?

What is period-luminosity relationship?

What is the relation between size and period of a Cepheid?

What is type I Cepheid?

What is type II Cepheid?

Distinguish between type I and type II Cepheids.

How a star dies? '

What are the possible forms of life of a star in its old age?

What is asymptotic giant branch?

What is an AGB star?

What is the structure of an AGB star?

Show the pictorial representation of the structure of an AGB star.

Distinguish between a red giant and an AGB star?



70-
.
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73
7.
75.
76.
7.
7.
79.
30.
Bl.
82.
3.
84.
83.
86.
g7.
88.
89.
90.
9l.
9.
9.
94,
95.
96.
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98.
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How does an AGB star ends 1ty lite?

We can imagine that everything on carth is m
what is & ncbula?

what is 2 planetary ncbula?

What is a white dwart?

What 18 Chandrasekhar limit?

Wwhat is electron degeneracy?

Draw graphically the mass-radius relationship of white dwards.
what is white dwarf stars made of?

Wwhere does white dwarf originate from?

Wwhat is neutron capture?

what is a supergiant? Give two examples?

Show the structure of an old high-mass star,

What is supernova?

What is meant by neutronisation?

What is photo-disintegration process?

What is a neutron star?

What is SNR?

What are the factors on which the visibility of SNR depend?
Classify supernovae types.

Distinguish between type I and II supernovae.

Write down three properties of neutron star.

How does neutron star pulsate?

What is a blackhole?

Write down the names of three parameters that describe a blackhole.

What are the three types of blackhole?
What is Schwarzchild radius?

What is meant by singularity?

What is event horizon?

Section B

(Answer questions in a paragraph of about half a page to one page)
Paragraph / Problem type questions

Briefly explain how a protostar is formed.
How does a star reach a hydrogen burning main sequence star?

What are the informations that we obtain from an H-R diagram depicted with evolutionary

tracks of stars?

Stellar evolution

ade of the stuf! of stars, Justily?
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4. Whata >
" re the : . )
Disti the four main phases of a star before it reaches the main sequence?
1stinguis} e s .
of the o llbcm een the radiation process and convection process based on the Massac
€ Stars in the evolutionary track Sses
6.  Explaj ’
: Xplaint e oo
P he process that oceurs below and above the limiting masses of star formation

h

/- Explain one of the mechanisms of triggering star formation.

S.  Explain how does Supernova explosion triggers further star formation.

9. Explain the proton-proton chain reaction in the Sun.

10. How does energy transport from the core of the Sun to its surface?

I1. Show that the diffusion time of photons of the order of 10° years?

12, What are binary stars? Classify and explain them?

13. Explain the processes that taking place inside the core of main sequence star.

I4. Explain the formation of red giants.

I5. Explain the helium burning process in red giants.

16. Explain the process of helium flash.

17. What are the informations that can be obtained from colour -magnitude H-R diagram?
18. Why do stars pulsate? Explain. )
19. Explain how an AGB star is formed.

20: Explain the end of an AGB star's life?

How planetary nebulae are formed?

How does a white dwarf evolve? Explain.

22

23. Explain how does a supergiant form.

24. How SNR can be observed?

25. What is a stellar blackhole?

26. What is 2 primordial blackhole?

27. What is a supermassive blackhole?

28. How does a Schwarzchild blackhole is formed?

29. How can we detect a blackhole?
Section C

(Answer questions in about two pages)

Long answer type question (Essay)
1. Explain the birth of star?




2 GALAXIES
' Introdilétion

Galaxy is a gravitationally bound vast system which consists. of billions of
stars nebulae, dusts, gases, dark matter, dark energy etc.

- Galaxies are considered to be fundamental bu11d1ng blocks of our universe. It has
been calculated that there are about 125 billion galaxies in the universe. Galaxies
occupy only a small portion of the universe, remaining are spaces between galaxies.
The size of a galaxy in the visible light is about 20 kpc in diameter, actually it
spreads over very much larger than this. it can be seen by a radio or X-ray telescopes. .
Most of the visible part of the galaxy is contributed by stars. The number of stars in
galaxies varies considerably. For instance in some giant galaxies there are about
trillion (10'2) stars where as in small galaxies such as Leo I there are about a few
hundred thousand. Milky way, Andromeda, Large magellamc cloud, Hubble, ng
~ tail, Codes, etc. are some of the galaxies. ,

Galaxy types
 Galaxies can be broadly classified into five categories depending upon then' shapes.

(i) Spiral galaxies

Spiral galaxies appear as flat whlte discs w1th yellowish bulges at the1r centres.
The disc regions are occupied by dust and cool gas, interspersed with hetter ionised
gas. Their most obvious character is the spiral arms. Example Mﬂky way galaxy.
“We belong to this galaxy. It is estimated that there are 20,000_crores stars in it.

Diameter of the disc of this galaxy is 10° ly . Our Sun is at a dlstance of 26,000 ly
from the centre of milky way. ; |

Figure 5.1: Spiral galaxies o
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(ii) Elliptical galaxies
Elliptical galaxies are redder
and seem to be in spherical in
shape with a bulge at the centre
or elliptical. They contain far less
cool gas and dust but very much
hot ionised gas comparing to

spiral galaxies. Example: - Figure 5.2: Elliptical galaxies

Andromeda galaxy. This is the

galaxy nearest to ours. It is estimated there are

40,000 corre stars in it.
(iii) Irregular galaxies

Galaxies that appear neither disc like nor
rounded are called irregular galaxies.
Example: Large magellanic clouds.
(iv) Barred spiral galaxies |

Galaxies that exhibit a straight bar of stars
that cuts across the centre with spiral arms
curling away from the ends of the bars are
called barred spiral galaxies.

Example: Tadpole galaxy
(v) Lenticular galaxies

Galaxies that possess discs but not having
spiral arms and they seem to be look like lens
-shaped thus called lenticular (lens-shape)
galaxies.

Example: Cart wheel galaxy,

The above classification is done by taking
shapes of galaxies into account, Thijs
classification can further be subdivided byt

their brightness, the tightness of the spiral
. IO secount.,

aking
arms

Galaxy structure (spiral)

Spiral galaxies have three components. They

Figure 5.3: Irregular galaxies

Figure 5.4: Barred spiral galaxies

Figure 5.5: Lenticular galaxi®
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* are (i) thin disc, (ii) central bulge and (i) the halo. Both the centre bulge and the
halo together is called spheroidal component. ] NER

The thin disc of spiral galaxy extending outward from the central bulge. In the

'mi.lkywa}’ gglaxy thin disc extend 50,000 ly from the centre. The disc area of all
_ splrals contains a mixture of gas and dust called interstellar medium, but the amounts

and perortiOIlS of _the gas whether atomic, ionised or molecular will be different
from galaxy to galaxy. s S ~
_ The central bulge merges smoothly into the halo, which can extend to a radius in
excess Of 1,00,000 ly. There is no clear boundaries for bulge and halo. Stars up to
~1,00,000 ly are considered to be bulge stars and those beyond this radius are the
members of the halo. : :

Spiral galaxies have relatively less light intensity than those of elliptical galaxies.
Moreover the mass of spiral galaxies is also less than that of elliptical. Spiral galaxies
have masses in the range 10°-10"*M,. It is found that 70% of spiral galaxies are
barred spiral galaxies. The particular structure (bars) plays an important role in the
morphology of these galaxies. The bars of the galaxy help to flow gases to the centre
of the galaxy thereby setting up a situation to form new stars. As a result of this the
centre bulge expands and change the shape of the galaxy. -

TIn spiral galaxy stars are youngsters where as in elliptical stars old aged. The
main reason for this is that the amount of gases is more in spherical galaxies. The
amount of gases increases the possibility of formation of new stars is also increased.
As gases are accumulated in spiral arms more number of new stars are formed in
spiral arms. Thus spiral arms glows with much light intensity and appeared to be
blue in colour. The old aged stars can also be found in spiral galaxies but they are at
the middle of the bulge. The speed of revolution of old aged stars are more than that

of youngster stars.
Stellar popﬁlations

We found that spiral galaxies have
discs with central bulges and spiral’
arms. Study on aged stars in the
galaxies revealed that depending upon
the ages of stars disc can be divided into
two layers. More gases and dust
particles are accumulated at the middle
layer disc. This is called thin disc. Star
formation is more in this disc. The outer Figure 5.6: Stellar populations
layer disc (bulge region) is called thick "
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disc. This disc consists of aged stars. The thin discs are at a distance of 100 pc to
325 pc from the galactic plane, where as thick discs spread over a distance of about
1500 pe. - ' |

The stars within a spiral galaxy can be classified into two by where they reside.
They are population I and population II stars.

The stars in the thin discs are called population I stars. The stars in the thick
disc (bulge region) are called population II stars. |

Distinction between population I and II stars

" 1. Population I stars are young, hot and blue in colour where as population II stars
are old, red giant stars and orange in colour. :

2. . The total mass of the population I stars about 15-30 times greater than the total
mass of population II stars.. .

The total mass of population 11 stars is about 2x 10° —4 x 10°M &

3. 2% of the total mass of population I stars are metals (elements having atomic
mass greater than that of helium’s), whereas in the case of populations II stars
only 0.1% of the total mass are metals.

4. The amount of light emitted by population I stars is 90 times greater than that
emitted by population II stars.

Hubble classification of galaxies

The American astronomer Edwin Hubble classified galaxies on the basis of their
shapes, central bulges, tightness of spiral arms and flatness called Hubble
classification. _

A galaxy is classified by assigning an upper case letter or letters followed either
by a number or by lower case letter or letters. This classification identifies the
morphology of the galaxy. . | -

The upper case letter indicates the shape of the galaxy, the number indicates the

flatness of the galaxy and the lower case letter or letters indicate the central bulge
and tightness of spiral arms of the galaxy.

A spiral galaxy is represented by the letter'S. If it is an ordinary spiral it is
represented SA and SB represents barred spiral galaxy. It is then followed by a
lower case letter a, b, c or d. If a galaxy has a large bulge and tightly wound arms it
is assigned the lower case letter a. Altogether it is represented by SAa or SBa. The
only difference between these two is that SAa has no bars but SBa has bars. As we

go form a to d the central bulge and tightness go on decreasing. SBc is a barred spiral
arms with small bulge and loosly wound spiral arms,
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An elliptical galaxy is represented by the upper case letter E. This will be followed '

by a number 0, 1, 2.... etc. The number indicates the flatness of the galaxy. The
larger the number the more flatter the galaxy. For example an EO galaxy is round
and E8 galaxy is very elongated.

Galaxies neither belong to sp1ra1 nor belong to elliptical are called lenticular

galaxies. A lenticular galaxy is classified as SO (both upper case). SAO is an ordinary-

lenticular galaxy where as SBO is a barred lenticular galaxy. In addition for galaxies
intermediate between SA and SB is classified as SAB. '

- Wehaveclassified three types of galaxies spiral, elliptical and lenticular galaxies.
Galaxies which do not fall into any of above three classification included in Pec or
Irr. Pecs is the classification for peculiar galaxies which have a distorted form.,

Galaxies which have irregular morphology are classified as Irr. This can further be

classified into two. IA and IB. IA is the irregular ordmary and IB is the barred
irregular galaxy.

The Hubble classification system can be represented by a d1agram as shown in
figure below

2000

SBa SBb : SBc

Figure 5.7: Hubble’s tuning fork diagram showing the main galaxy types

Observing galaxies

All of us have seen images of galaxies in books and astronomical magazines. The
images are highlighted in multicolours and seems to be highly spectacular. Before
going to see galaxies, we expect dazzling images of galaxies. In reality contrary to
our expectation, we can see galaxies as a pale tiny blob. We can see 9 galaxies with
naked eye, binoculars or telescopes. The right location and dark sky are essential
requirements to see a galaxy with naked eye. The seen galaxies will be faint and
indistinct. The edge of the Milky way galaxy, M31 in Andromeda galaxy, M33 is in
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Triangulum galaxy, the sides of Large magellnic cloud etc. can be seen with naked
eye. |

To see the real structure of galaxies we need largest telescopes and the darkest
possible skies. Dark skies and a binoculars enable-us to se€ several qthef gﬁ_llaXIGS. If
we have a telescope the number of galaxies that can be seen will be increased
considerably.

Usually galaxies with magnitude up to 8 can be seen with naked eyes. To see a
galaxy of magnitude greater than 13, we require a telescope of aperture 15cm. A
telescope of aperture 30cm enables us to see galaxies of magnitude 14.5. However
do not expect that all parts of galaxies would be seen with these aids. In some cases
only the brightest part of a galaxy will be visible, its core and spiral arms are invisible.

. To trace the finer details of spiral arms of galaxies, and to locate the bulge area,
faint halo etc. we need a telescope of large aperture about 2m. If our aim is just to
locate a galaxy binocular or small aperture telescopes will do . If we locate a galaxy
by a binocular or a naked eye there is an amazing thing behind this. That is the light
that is interring our eye may have begun their journey over 100 million years ago,
then there is.a plethora of galaxies awaiting us. '

Depending upon the brightness (magnitude) and the area of the sky the galaxy
spans the visibility of the galaxy with binoculars is divided into three. They are
designated as easy, moderate and difficult. A galaxy that may be bright with .
magnitude 8 under normal circumstance would be visible by binoculars is
designated as easy. If the galaxy of magnitude 8 covers a larger area of sky will
be difficult to observe is designated as moderate. If it is not possible or very
difficult to observe the galaxy is designated as difficult.

To locate or see distant galaxies binoculars are better aids than telescopes. This is
because binoculars give 3D images where as telescopes give flat images. For example
to see Andromeda galaxy we require a binocular with specification 7 x 50 (7 by 50).
The first number gives the magnification of the' image with respect to unaided eye.
The second number gives the diameter of the lens (aperture) in millimetre. There are

large number of binoculars available in the market such as 7 x 50. 10 x 60. 15 x70,
25 % 100 etc. o ’

Astronomical catalogue

A list of objects is called as catalogue. A list of ast'ro
astronomical catalogue. The objects may be planetary nebulae, stars, clusters of stars,
galactic clusters, globular clusters, galaxies etc, There are seve;'al tyl;es o‘f catalogues.
Here we introduce only three among them, They are Messier (French astroﬂ;mer
Charles Messier) catalogue, new general catalogue (NGQ) imd Caldwell catalogue-

nomical objects is called




 The Messier catalggue cqnsists of 110 astronomical objects where as NGC consists
- of 7840 astronomical objects and Caldwell contains 109 astronomical objects. For
o : example M3 1'. it I$ an astronomical object occupying 31st position in the ‘Me.ssiéf

catalogue. This object occupying the 224th position of new general catalogue hence

itisalso named as NGC 224. This is actually a galaxy in the andromeda this is also
called as Andromeda galaxy. - - m | '.

Note: Caldwell catalogue was compiled by Patrick Moore (Surname Caldwell).as :
a complement to Messier catalogue..

Finally we discl{ss some examples of easy, moderate and difficult galaxies belong
to spiral, barred spiral and lenticular galaxies. | |

In the case of spiral galaxies in addition to easy, moderate and difficult
designations, th_ey exhibit a variety of views depending on their inclination to the '
solar system. Some will appear face on, others at a slight angle and a few completely '
edge on. They are symbolically represented as follows. '

Face on : S
Slight inclination : §.G
Edge on | «omme ‘_

The whirl pool galaxy is designated as easy. This galaxy is represented by

Messier 51 NGC 5194 8.4m([13.1m] G SA(s) easy.

All the informations regarding the galaxy is contained in this line. o iy

This one line representation says that the whirl pool galaxy occupies 51st position
in the Messier catalogue and 5194th position in the new general catalogue. 8.4 m is-
the magnitude of the star and 13.1m is the surface magnitude of the galaxy. The
symbol § shows that is is a face on galaxy. SA(s) tells that it is an ordinary spiral
galaxy. The word easy indicates that this comes under the designation easy.

This famous galaxy can be easily visible _with binoculars. The galaxy appears as
asmall glowing patch of light with a bright star-like nucleus. 2

An example for moderate galaxy is
Messier 98 NGC 4192 10.1 m[13.2 m] «smme SAB moderate.

This is a spherical barred galaxy (SAB) having magnitude 10.1 m al:ld §urfaqe
magnitude 13.2 m which is edge on. Since its designation is moderate it is difficult

to locate, So a small telescope with aperture 10 cm is required.
Caldwell 26 NGC 4244 10.4m[l14m]  SA(S) difficult

' Galaxies 259
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This galaxy, occupies 26th position in the Caldwell catalogue and 42f14th position
in the new general catalogue, having magnitude 10.4 and surface magrptude 14. Tt is
an ordinary spiral galaxy and very difficult to locate or observe by binoculars, Tg
observe this a telescope of aperture 20 cm is required.

- Barred spiral galaxies

Here we give one example for each designation.

Caldwell 72 NGC55 79m[13.5m] & SB(s) easy

Messier 109 NGC3992 9.8m([13.3m] S-S SB(rs) moderate

Messier 91  NGC 4548 10.1 m[13.3 m] S-S SB(rs) difficult.
Elliptical galaxies

Messier 84 NGC 4374 9.1m[12.3m] El easy.

This galaxy is located close to Virgo cluster of galaxies. It appears as a small oval
patch of light when seen through the binoculars. Sometimes the bright nuclei can
‘also be glimpsed through the binoculars.

Messier 89 NGC 4552 9.7m[12.3m] EO moderate.

- It is a galaxy difficult to be seen with binoculars. If it is located by binoculars it
appears as a small hazy spot. But with a telescope of medium magnification this
elliptical galaxy can be seen. It appears as a bright and well defined nucleus enveloped
by the mistiness of the halo. '

Caldwell 35 NGC 4889 11.5m[13.4 m] E4 difficult.

This galaxy is not possible to locate by binoculars. When viewing with a telescope
of aperture 20 cm we can glimpse this as tiny object. This galaxy is a dominant
member of the coma galaxy cluster which contains-about 1000 galaxies. Thisis ata’

distance of 350 million light years.
Lenticular galaxies - .

Caldwell 53 NGC3115 8.9m[12.6m] <smme SOsp easy.

This is a-spindle galaxy. It is easy to locate this galaxy. With small binoculars it
appears as a small faint elongated cloud but with large binoculars it will display its

characteristic lens shape. With telescopes of aperture 20 cm it
less oval cloud with slight brightening towards the centre.

Caldwell 57 NGC 6822 8.8m[14.2m] IB(s) moderate.

| It is called Bernard galaxy. Even though it is a fairly bright galaxy (8.8 m), its
surface brightness is low [14.2 m] it is difficult to be seen through binoculars. If it is

appears as a featur®
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 jocated it just appears as indistinct glow running from east to west. This is the bar of
 the galaxy. Hf)\’f/ever.a telescopes of aperture 10 ¢cm it can be easily located. It ma
~ penoted that 115 an irregular barred (IB) galaxy. ' Y

Active galaxies and Active Galactic Nuclei (AGN)

We classified galaxlies ea.rlier primarily on the basis of their shapes. But galaxies
are differe;nt not only‘ in their §hapes but also in their physical properties. This time
we are going to classify galaxies on the basis of their physical properties.

In ga!axies usually most of the light energy is due to stars. The wavelengths of
light emitted by stars depend upon their temperature in accordance with Wien’s law

(A, T =constant). Stars with temperature greater than 40,000K and less than 3000K

are very few in galaxies. So galaxies emit wavelengths in the region from infrared to
ultraviolet. But some galaxies are found to emit radio waves, ultraviolet waves, X-
rays and Y -rays. At the same time they emit incredible amount of energy. These

galaxies are called active galaxies.

Energy source of active galaxies

We found that active galaxies emit high energy radiations. We cannot expect
these radiations from stars alone. Then, where does it come from? So astronomers
conjectured that these radiations are due to some other physical phenomenon occurring

in galaxies.
According to the present knowled
supermassive blackholes in the galaxies.

amount of energy. This is possible onl
heavy gravity pull of supermassive

ge, we believe that it is due to the presence of
A galaxy hosting a blackhole emits enormous
y due to the phenomenon of accretion. The
blackhole attracts materials such as gas,
dust and other stellar debris into it. The materials come close to the blackhole,
but not fall in to blackhole, forms a flattened band of spinning matter around
the event horizon called accretion disc. This phenomenon of forming accretion
disc is called accretion. The interaction between the accretion disc and the blackhole
results in the production of high energy rays depending on their temperature.

Now we can redefine active galaxy as follows. A galaxy hosting a blackhole
provided with accretion disc emitting enormous amount of energy and radiations

such as radio waves, u.v rays, X-rays and 7 -Tays.

It has been estimated that an active galaxy emi
radio energy than a normal galaxy. The amount of light g
is about 100-1000 times more than a normal galaxy.

ts about 10 million times more
iven out by an active galaxy
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Active Galactic Nucleus (AGN)

The central region of any active galaxy is called active galactic nucleus. It is
a compact region at the centre of galaxy that has a much higher luminosity than the
other parts of galaxy. The spectrum given out by AGN indicates that the luminosity

is not produced by stars. Such excess non-stellar emission has been observed in the

radio, infrared, optical ultraviolet, X-ray, y-ray wave bands.

A galaxy hosting an AGN is called active galaxy. The galaxy is active in the
sense that AGN holds a blackhole with accretion disc and their interaction.

Though our galaxy holding a blackhole, it is not active since it has no AGN and
accretion disc.

The intensity of light emitted by acive galaxies are very high. Owing to this galaxies

far away from milky way can be observed through radio telescopes. Even their galactic
(AGN) centres can be observed. An ordinary oa.laxy at this distance cannot be seen
even through telescopes.

. The observed characteristics of an AGN depend on several properties such as the
mass of the blackhole, the rate of accumulation of accretion disc, the orientation of
accretion disc, the degree of obscuration of the nucleus by dust particles.

Based on the observed characteristics. of AGN, they are classified into several.
Some of them are given below.
(i) Seyfert galaxies types 1 and 2
(ii) Quasars
(ii1) Radio galaxies
(iv) Starbursts galaxies
Seyfert galaxies

The story of the dlSCOVCI'y of AGN began around the year 1943. In this year
astronomer Carl seyfert published a paper in which he described observations of
nearby galaxies having bright nuclei that have sources of emission lines. Galaxies -
observed as part of this study included NGC 1068, NGC 4151, NGC'3516 and NGC
7469. Active galaxies such as these are known as Seyfert galaxies in honour of
Seyfert’s pioneering work.

A galaxy which contain§ AGN is also called as host galaxy. Depending upon the
shape host galaxy it is divided into two. They are seyfert galaxy and radio galaxy.
Seyfert galaxies are spiral where as radio galaxies are elliptical.

Depending upon the nature of emission lines in the spectrum of AGN they are
divided into seyfert 1 and seyfert 2 galaxies. If the spectrum contains 8 broad and .
narro emission lines they are called seyfert 1 galaxies.
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If the spectrum contains only narrow emission lines they are called syfert 2
galaxies.

Quasars
The word quasar is the abbreviated form of quasi stellar radio sources. The name
implies start like emitters of radiowaves. This name was given in the year 1960. The
first quasar 3c273 was discovered by Maarten Schmidt at Halo observatories. '
Quasar is a super luminous AGN at billions of light years away from us. All
uasars emit X-rays in abundance. Only 5% quasars emit radio waves. Since quasars
are far away from us they seen to be like stars when looking through telescopes. A
quasar has mainly three parts 1) The central region (2) Jets and (3) Lobes. Jets
emanating from the central region onto two sides and end up in lobes. The lobes are
made of electrons moving with velocities about the velocity of light. When these °
electrons moving through the magnetic field they get accelerated and producing
radio waves. This phenomenon is called as synchrotron radiation. It may be noted

that quasars exhibit red shifts.

Definition of quasar

A quasar is an active galaxy whose
AGN is extremely luminous in which there
is a supermassive blackhole with mass
ranging from millions to billions times the
mass of the Sun surrounded by an

accretion disc.

Discovery of quasars changed our view
of the universe. ' :
I. Opened up study of the distant universe Fre 5.8: Quasar
2. Led to realise that super massive

* blackholes exist ‘

3. Gravitational energy is the source for quasars and AGN

Radio galaxies

All quasars do not emit radio waves. Such quasars are called radio quite quasars.
Galaxies which emit radio waves are called radio galaxies. This can be identified
from the spectrum. Radio galaxies are spiral galaxies. Cygnus A and Centarus A are

radio galaxies.

Star bursts galaxies
Star burst galaxies are galaxies formed when compared to others. For instance
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-our Milky way galaxy converts gases of mass nearly 3M into stars in every year,
whereas star bursts galaxies convert gases into stars about 100 times greater than by
milky way. As a result the dust particles are much hotter and they emit infrared rays.
Thus they are called ultra luminous infrared galaxy (ULIRG). Most of the star bursts
galaxies are discovered by infrared astronomical satellites of NASA.

Gravitational lensing

In between a distant galaxy (light source) and an observer on earth massive objects
(such as stars, blackholes and other galaxies) are distributed. As light from the
galaxy passes by these massive objects, the gravitational pull can bend the light
rays. Here the matter between the galaxy and the observer acts like lens This
phenomenon is called gravitational lensing.

According to Einsteins general theory of relativity, gravity can effect light rays.
Thus light rays coming from a distant galaxy or a quasar when passes close to another
galaxy or a blackhole, light rays get deviated from their path. This leads to different
interesting effects.

1. When we observe a distant galaxy source we get two images of the source one
is the direct image the other one is image produced by gravitational lens.

This possibility was firstly predicted by Fritz Zwicky in the year 1937. In 1979
Dennis Walsh, Bob Carswell and Ray Weyman discovered a binary quasar
named 0957 + 561. When they analysed their spectra and red shift they were
found to be the same. The only difference is in their image positions. They were
actually proving the phenomenon of gravitational lensing indirectly. That is
0957 + 561 is not a binary but a single one.

2. If the object behaving like a lens is very big and massive, for example galaxy
cluster, its produces several images of the distant galaxy on a ring. This is called
Einstein ring. Several such rings were observed when a distant blue galaxy was
photographed by Hubble telescope. - ‘

3. If the mass of the object (lens) lying in the path of the light rays is small and
heavy (blackhole), the lens focuses faint rays making it brighter. This is called
micro lensing. Since.the lensing process increases the brightness of light rays
gravitational lens is also called as gravitational telescope. .

All gravitational lenses discovered so far are incidentally. Gravitational lensing
is used to probe the distribution of matter in the galaxies and clusters of galaxies.
This enables us to observe the distant universe. '

Now a days astronomers are searching for gravitational lenses to gather more,

“informations about the cosmos.
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Hubble’s law

Hubble’s law is one of the most important concepts in astrophysics. During the
‘early part of the 20th century Edwin Hubble began to take the spectra of distant
galaxies. Analysing the spectra he could understand that all galaxies exhibit red
shift. Red shift is the phenomenon of shifting the spectral lines towards the red end
of the spectrum. This indicates that galaxies are moving away from us. By observing
large number of galaxies he arrived at Hubble’s law. It states that the recessional
velocity (v) of a galaxy is directly proportional to its distance (d)

ie. vad
or v=H,d
Where H, is called Hubble constant. the value of H,is found to be

" 70kms™'(Mpc)™ (present value)
The red shift and the recessional velocity can be determined experimentally easily.
this enabled us to know more about the cosmos and big-bang.

Note: The red shift (z) is given by

A A

obsrved — ?Vrest

A
The red shift and Hubble’s law we already dealt with in detail.

zZ=

rest

Clusters of galaxies‘

Most of the galaxies are found in clusters and single galaxies are very rare. If the
cluster contains a few galaxies called small clusters and if it contains thousands of
galaxies they are called giant clusters. '

Small clusters occupy a region of space spread over only 1Mpc where as giant
clusters occupy a region of space spread over about 10 Mpc.

- The Milky way galaxy is a member of a small cluster called the local group
containing more than three dozen other galaxies. There is another type of
classification. o

Clusters can be divided into two types. They are rich clusters and poor clusters.
The rich cluster consists of more than 1000 galaxies and cover an area about 3Mpc
in diameter. In this cluster galaxies are concentrated at the centre of cluster. At the
centre there may one or two giant elliptical galaxies. For example Virgo cluster is a
rich cluster with the giant elliptical M87 at its centre. |

Poor clusters contain fewer than a 1000 members and as big as a rich cluster.
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It is observed that rich clusters contain about-80-90% E type and 10% SO type
galaxies. Whereas poor clusters contain large proportion of spiral galaxies. The
galaxies in isolation (those not in clusters) 80-90% are spiral galaxies. Observations
of elliptical galaxies indicate that they are formed due to merging of spiral galaxies.

The evolution of galaxies is still not fully understood yet. However in clusters of
galaxies collisions, merges and close encounters can obviously cause bursts of star
formation and dramatic tidal disruption. It is due to this changes in clusters
astronomers now believe that our Milky way is gradually swallowing Large
magallenic cloud galaxy which is next to Andromeda galaxy.

UNIVERSITY MODEL QUESTIONS

Section A .
(Answer questions.in about two or three sentences)

§ . Short-answer type ‘questions

% — What is a galaxy?

Give the names of any four galaxies.

Classify galaxies on the basis of their shape.

What is a spiral galaxy?

What is an elliptical galaxy?

What are irregular galaxies?

What are barred spiral galaxies?

What are lenticular galaxies?

Distinguish between spiral and elliptical galaxies.

The age of the stars in spiral galaxies are relatively younger. Justify.
. What is meant by population I stars?

Whiat is meant by population II stars? °

What are the two essential conditions to observe galaxies with naked eye?

W 0N AW N
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Rl B i S

What are the designations given to galaxies that can be observed by a binocular?

, When the galaxy is designated as easy?

i . When the galaxy is designated as moderate?

| When the galaxy is designated as difficult?

What does the representation “Messier 81 NGC 3031 6.9m (13m) S+S. SA Easy” Meah?

A galaxy which is difficult to observe by binoculars occupying'48'th positio.n in the
Caldwell catalogue and 2775 position in new general catalogue having magnitude )
and surface magnitude 13.1, which is face on and ordinary spiral. Represent this galaxy*
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What are active galaxies?

What is an-active galactic nucleus ?

What is an accretion disc?

Define the phenomenon of accretion.

What all factors on which characteristics of an AGN depend?
Give the names of three active galaxies.
What is a seyfert galaxy?

What is a quasar?

Which are the three main parts of a quasar?
What are radio galaxies?

What are star bursts galaxies?

What is a gravitational lens?

What is gravitational lensing?

What is meant by red shift?

What is Hubble’s law?

What is meant by clusters of galaxies?

Section B
(Answer Quesnans in a paragraph of about half a page to one page)

Paragraph / Problem type questions

10

What is the structure of spiral galaxy?

Distinguish between population I and II stars.

What is Hubble classification of galaxies?

Distinguish between easy, moderate and difficult desxgnatmn of ga]axles
Give a brief account of three astronomical catalogues.

How does an active galaxy get extra energy?

What are the effects of gravitational lensing?

Distinguish between a rich cluster and a poor cluster.

How does red shift and Hubble’s law are related?

How did quasars discovery change-our view of the universe?

Section C .
(Answer questions in about One to two pages)

Long answer type questions (Essays)

L.

2

Discuss galaxies in detail.

(Definition, types and structure)

Discuss gravitational lensing in detail.
(Definition, their effects and binary quasar)
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