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‘38.1 INTRODUCTION

You are all familiar with stars. You have seen them as twinkling little lamps
in the sky at night. It is a great experience to see the sky on a moonless,
cloudless night from a place where there is no pollution and there are no
bright city lights. But have you been curious to know what these really are?
How they came into existence? Have they different colours and why?

Such curiority in ancient time lead people to speculate interesting ideas. |
They thought, for example, that the stars are little lamps fixed on a sphere,
which -revolves round earth. This is, after all. what they appear to be. Other
‘built mythological stories around them and propagated the view that stars
could determine human destiny. This created fear among people and they
 started worshipping stars in order to please them, You will study in this
lesson, what does the modern science say about these questions.

38.2 OBJECTIVES

- After Studyin'g.the lesson, you should be able to,

. measureﬂw’dfstamésofsﬁafsdﬁpcﬂytnﬁexptahﬂw[tmitaﬁoanﬂﬁs

. estﬁnateﬂlenmsses of the stars;

e describe the meantng of apparent magnitude and define the absolute
magnitude of a star: and derive relation between the apparent and the
absolute magnitudes and use this relation to calculate distances of stars;

‘o deﬁneﬂlel&minosityofastarandestbnateitﬁommeabsolutemagni-

" tude of the star; ° ‘ |

e state the principle underlying the spectral classtfication of stars ; and.
explain the colours of stars; _ ' ‘

" ® state the H.R. diagram and recognize various families of the stars on this
dlagram; and describe the importance of H.R. diagram for the study g

. stars;

0 -s:@ldintfteewhtﬁonanddeathofétmsande:cplamﬂleendsmgesqf
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38.3 DISTANCES OF STARS

The distances of stars are so large that the ordinary units become
useless. Even the distance of the sun from the earth, called an
astronomical unit, is of no help. In an earlier lesson you might have learnt
that an astronomical unit is = 1.5 x 10''m. We have to think of some special
units to express the distances of stars. One such unit is the light year. How
much is the speed of light?

If you remember the speed of light then calculate the distance travelled by
light in one year. How many seconds are there in an year?

Multiply the number of seconds in a year with the speed of light and you
have unit called light year.

Alight year = 3'x 10°x 385 x 24 x 3600 m
. = 9.46 x 101 m
6.324 x 10* astronomical units

Do you now realize why astronomical unit is not very useful in
distances of stars? ‘

In astronomical literature we use another unit, called parsec. This unit
comes naturally from the method employed to deteriine stellar distances.
Lét us look at this method. :

One has to choose a base large enough so that the angle indicating th
change in the direction of the star is measurable. The naturally available
base is the diameter of the earth's orbit round the sun {Fig 38.1). Suppose
that we wish to measure the .
distance of the star X, We as-

sume that the objects behind

the star represent,an unchang-

ing background. This is true to E, '

a very good approximation. We- | 5 " * »
observe the star from position o 8 :
E, and then six months later 8 o Lad

from position E, on the earth’s E
orbit round the sun S. The
change in the direction of the
star is noted. The half of this
angle, denoted by 8, is called
the annual parallax of the star. .
Recall the simple rule of trigonometry that an angle is equal to the arc
length divided by the radial distance. At. the kind of distances at which
stars are, the radius of the earth’s orbit can be considered an arc of circle of
redius XS (Fig, 38.1}). The distance of the star from the sun'is then,

Fig. 38.1: Measuring distance of starX by
parallex method,taking E E, as base line

the radius of the earth's orbit

é
astronomical unit

6
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= d = ...[38.1)




If the angle 0 is equal to one second (1/3600 of a degree), then the distance
of the star is called a parsec. The value of one parsec
= 3.086 x 10'°m.

You might object that we have calculated the distance of the star from the
sun and not from the earth. But in view of the iact thai the distance of the
earth from the sun is so small compared witi, the disi~nce of the néarest
star from the sun (about a parsec) does the difference between the two
really matter?

The star nearest to us is called Proxima Centauri. Its distance is about 1.2
parsec.

Eq. (38. lj tells us that the smaller the angle p, the larger is the distance of
a'star from us. Iri fact, the distance of a star in parsec is just the reciprocal of
its annual parallax in seconds of arc.

This method is simple only in principie. In practice, several observations
spread over several years have to be taken o get a reasonable estifnate of
the distance of a star. The method pa:a]l&xes is a direct method of getting
stellar distances. But it works onl .ur’ stars whose distances do not exceed
a few hundred parsec. The reason is that the annual parallaxes of stars
farther than this distance cannot be measured accurately. For stars far-
ther than a few hundred parsec indirect.methods are used. but it must be
appreciated that all the indirect methods are based on the properties of
stars deduced from accurate measurements of their distances by the method
of parallaxes.

Table 38.1 given at the.end of this lesson lists the twenty nearest stars.
Indian names of some of these stars are a.lso given. The Indian names of
other stars are not known.

INTEXT QUESTIONS 38.1

1. How many light years are there in a parsec? Find the distance in parsec
of a star whose distance is given as 12.2 light year.

. ¥
------------------------------------------------------------------------------------------------------------------

2. Express the distance between the sun and the earth in[ightyea.rsand
parsec.,

LR e R L LTy P PR TPy

38.4 MASSES OF STARS

In an earlier lesson you might have learnt how to find the mass of the Sun.

Essentially, we find the centxipetal force necessary to keep the Earth in its
orbit round the Sun. This force is provided by the gravitational pull of the
Sun. Equating the centripetal force with the gravitational force gives the
mass of the Sun. It is 2 x 10® kg. Most stars have masses of this order.

Some are, however, much more massive, may be as muth'as 100 times the
mass of the Sun.

‘How do we estimate the masses of othér stars? Luckily, the process of star
formation favours the formation of stars in groups of two, three or more.
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Two stars revolving round each other are called binary stars. The
orbits of these stars are ellipses around their common centre of mass in
accordance with the laws of Kepler {Fig 38.2). In most cases what is ob-
served is the relative orbit, which is the orbit of one of the stars round
the other described in the plane of the sky (i.e. plane
perpendicular to our line of sight). One of the most well known binary sys-
tem consists of the star Sirius (knmown as Lubdhak in India), the brightest
star in the sky, and its companion. The relative orbit of the companion is
shown in Fig. 38.3. The time period for the relative orbit is'thé same as that
for the actual orbit around their common centre of mass. It is denoted by T
and is given by the third law of Kepler:

47 r

T? =
G (M, +M,)

where M, .and M, are the masses of the two stars and r is their separation.
Astronomers prefer to write this relation in the following form.

a® .

(M, + M,)= T - ...(38.3)
Here masses have been expressed in units of sclar mass, time period T
{Time} is in years, a is the angular separation of the two stars in seconds of
arc and p is the annual parallax of the system in seconds of arc. Both T
and a can be measured and then the.combined mass of the system is.
obtained. The relative orbit can give only the .combined mass of the system.
In some cases the orbits of both the stars about their common centre of
mass can be charted out with reference to the ne1ghbouring stars. In that
case the masses of individual stars can be found. Recall that the distance
of each star from the centre of mass is inversely proportional to its mass. If
r, and r, are the distances of the stars with masses M, and M, respectively
from their connon centre of mass, then we have

Fig. 38.2: Orbits of two stars - Fig.38.3: Orbit of Sirius
. around thetr common CM -
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1‘!1. T- ’ .
— =2 Rtr=r
M, "7 | Cherentn=r (38.4)

If a, and a, are angular distances of stars from their common C.M., then

i‘-ﬁ- =ajo, wherea, +a, =a ..{38.5)
2

With the help of these relation we ‘can find the masses of individial stars of
binary groups from a knowledge of their combined mass. For those which
are not members of binary groups, the mass has to be estimated by indi-
rect methods. One of these methods will be explained Jater in this lesson.

INTEXTQUESTIONS 38.2
1. PmoveEq (38 5) thatis M 1/M2='a2/a1,

------------------------------------- L L U,

2. The following data was obtained for a binary system:

T= 1.7 years, a = 0.225" of arc, a, = 0.075" of ar, a,=0.15" ofarc,p=
0.157" of arc,

Find the masses of the two stars.

LA R L e Y PR Y I L e

38.5 BRIGHTNESS OF STARS

We have already noticed that some stars are very bright, some are less
bright and many are so faint that they can be seen with. great difficulty.
Just go out at night and verify this fact for yourself. So, how do we distin-
guish the stars on the basis of their brightness?

When systematic observations of stars started about two thousand years
ago, the observers assigned to each star a number from 1 to 6 to indicate
its brightness. Remember that at that time the stars were observed only
with the naked eye. There were no telescopes. (The telescope was first made
for astronomical observations by Gatileo in the beginning of the seventeenth
century and used by him to observe the phases of
Venus, the moons of Jupiter and mountains on the moon.) Lower numbers
were assigned to brighter stars and higher numbers were given tu fainter
stars, Therefore, on this scale stars with number 6 were the faintest stars
‘and those with number 1 were the brightest. The number assigned to a star
Is called its apparent magnitude, dencted by the letter m (do not confuse
it with the mass). The brightest star in the sky, Sirius, and other stars of
similar brightness were assigned magnitude 1. '

When it became possible to observe stars with the help of telescopes, stars
famnter than magnitude 6 were found and numbers higher than 6 were
added to the list. Similarly, negativé numbers had to be assigned to very
bright objects like the sun. $ince the brightness of stars could be measured
more accurately with the help of instruments used with the telescopes, it
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was found necessary to have fractional magnitudes. So, to day we have
magnitudes accurate to one-tenth, or sometimes one-hundredth of a mag-
nitude.

How faint is the star which the large telescopes of today can detect? The
large optical telescopes of today can detect stars as faint as those of magni-
tudes 27. It may also be of interest for you to know that the apparent
magnitude of the sun is about-27. Table 38.1 given at the end of this lesson

_shows the apparent magnitudes of the nearest stars.
‘But surely you would like to know how faint the star of ma: .itude 27 is

compared with the sun. When accurate measurements of bri ghtness of
stars became possible it was found that on the overage the stars of magni-

tude 1 were about 100 times brighter than the stars of magnitude 6. To give
a more precise meaning to a magnitude, therefore, it was decided to define
that a difference of 5 in magnitudes would correspond to a brightness ratio
of exactly 100. By this logic a star of magnitude 6 is 100 times brighter
than a star of magnitude 11, 10 times brightcr than a star of magnitude
8.5.

Example 38. l.ﬁndouthowmanyttmesthesm:sbnghterthmastarof
magnitude 23.

Solution : Since difference in magnitudes of two stars indicates ratio of
their brightness, the relationship between the magnitudes is written as

m, — ——25!095}; ...(38.6)

Or,

%: = 10%4{ma=m) .(38.7)
Where b denotes the brightness of a star. You can easily verify that a differ-
ence of 5 in magnitude indicates a brightness ratio of 100. The logarithmic
laws like (38.6) are quite common in biology, where generally the intensity
of a sensation is proportional to the logarithm of the stimulus producing it.

' 38.5.1 Stellar Luminosities

You must have noticed that a point source of light (e.g. a torch bulb) placed
nearby appears brighter comparéd with the same source when it is seen
from a larger distance. This means that the observed brightness of a source
depends upon two factors, (1) its own, or intrinsic, brightness-and {2} its -
distance from the observer. In the case of stars, their intrinsic brightness
would obviously depend on the energy radiated by them. The total energy
radiated normalily by a star in one second tscalled its tuminosity. It
is denoted by L.

To compare luminosities of stars, we must first ensure that they are ob-
served from the same distance, For this purpose we imagine a star to be
placed at a distance of 10 parsec. The magnitude of a star at that distance
is called its absolute magnitude, M. Let the brightness seen from that
distance be denoted by B. Let the actual brlghmess of the same star'be b
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and its apparent magnitude be m. We now use 38.6 to compare the star {at
fts actual distance) with itself when placed at 10 parsce. If we idenﬂfy m,
withMandB with B, then we have from 38.6.

M-m=-25 log—ﬁ- | | .(38.8)

Recall now from your lesson in optics how the brightness of a source of_

"Hght varies with distance.

If the distance of the star is r parsec then using the inversesquare law of
brighiness variation, we find that the ratic B/b = r*/100 (remember B is
mezsured when the star is placed at a distance 10 parsec). Eq (38.8) then
becomes

M=m+5-5log r s (38.9)

or, if we express distance in terms of the parallax p which is the reciprocal
of rthen,

M=m+5+ 5:logp 7 » ... [38.9a)

The absolute magnitude is a measure of the true brightness or the lumi-
noeily of'a star. In fact a relation similar to 38:6 can be written for two
stars in terms of their absolute magnitudes and luminosities.

From (38.9} we get

2
T
M, ~M,=m-m, -5(logr, ~logr,)=m, ~m, -2.5log %
LY

Substituting (m,-m,) from (38.6) now we get

| | ,
M, - Mz-—25[og ~2.5log 3 ——~2.5f.og[b‘—r‘2]

_ b, r3
.Since ba %
f(an) o L
(3]~
M, -M,=-25log %’l; ‘ . ....{38.10)

This relation enables us to compare luminosities of stars by finding their
absolute magnitudes from a knowledge of their distances and apparent
magnitudes. Just as a difference of 5 in apparent magitude corresponds
to a brightness ratio of 100, a difference of 5 in absolute magnitudes ineans
a raido of 100 in luminosities. If we take Sun as one of the stars then the
Turninosities of other stars can be found in terms of the solar luminosity.
The apparent magnitude of the Sun is about -26.8 its absolute’ magnltude
found from (38.9) is about 4.8.

“The relation between M and m is also important in another respect ’I‘here-
are several methods by which the absolute magnitude of a star can be
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estimated. Sincé the apparent magnitude is a directly measurable quan-
tity, 38.9 leads to the determination of the annual parallax of the star. In
this way, the distances of those stars for which direct measurement of
parallaxes is not possible, can be measured.

To find luminosities of other stars by comparison with the Sun, we must
first of all find the luminosity of the Sun. This is done by measuring the

. radiant energy falling on a unit area kept perpendicular to the Sun's

rays in a unit time when the Earth is at its mean distance from the
Sun. The measurement is carried out at the top of the atmosphere, (instru-
ments can be placed in a spacecraft), otherwise the absorption in the atmo-
sphere bas to be taken into account. The gquantity
measured is called the solar constant, though
strictly speaking it is not a constant. Very recent
studies have shown that the solar constant varies
by a very small amount when it is observed for sev-
eral years. The value of the solar constant is 1.4 x
10° W/m?. This is the rate at which energy is flowing
through a unit area of a sphere whose radius is equal
to the mean distance of the Earth from the Sun (Fig
38.4). It should now be possible for you to calculate
the solar luminosity. Fig. 38.4

Exercise 38.1 : Given the mean distance of the Earth form the Sun as
1.5 x 10" m gnd the solar constant as 1.4 x 10° W/m?2, show that the solar
luminosity is 4x'10'*‘6Js‘.

Intext Questions 38.3

1. The brightest star in the sky, Sirius, has an apparent magnitude
of -1.4. How much bnghter is it than a star of apparent magnitude 23.6?

-----------------------------------------------------------------------------------------------------------

2. ﬂteapparentmagnimdeofﬂwsmisgﬂmnas—Zﬁs Shouw that its abso-
lute magnitude is about 4.7.

-----------------------------------------------------------------------------------------------------------

3. The apparent magnitude of a star is 7.0, Its absolute magnitude is found
to be 2.0. Find the distance of the star. Calculate also its uninosity.

................................................................................................ ancsarasesn

'88.6 SURFACE TEMPERATURES OF STARS

Now that you have calculated the luminosity of the Sun, it is possible to
calculate the surface temperature of the Sun knowing its radius to be
7 X 10® m. The way is to use Stefan-Boltzmann law which you have studied
in an earlier lesson.

As you would recall the law says that the radiation flowing out through a
unit area of the surface of a source is proportional to the fourth power of its
absolute temperature. Using the Stefan-Boltzmann law we find. that the
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| surface temperature of the Sun 1s about 6000 K.

Exorcise 38.2 ; Gwenthafﬂteunguldrmdﬁ.gsqfﬂ:gSunks 16 ninutes of an
arc, and distance is 1.5 x 10" m, calculate the radius of the Sun. =~

| Solution : Once the radius and the luminosity of the Sun 18 known ita

of other stars too the surface temperature can be calculated kriowing their
| duminosities and radi. But their radif are not easy to find. So, how to find
| the. surface temperatures of stars? But before we do that let us see why
| surface temperatures are so important.. -

You must. have noticed the I
stars are of different colours:
The colour of a star depends
on its surface temperature.
The stars which appear red
have low temperatures, about
5000 K or less. The yellow stars

 J like the Sun have surface tem-
peratures of about 6000 K,
Whitte stars have surface tem-
peratures. of about 10000 K.

Enqu'

surfacetempu-aturecanbecalculatedasyou havedoneabove.lnth;cm,

The stars whose temperatures z_dgo 4,000 6,000 8,000 10,000 12,000-
are much higher than 10000 'wwiqw '
'{ Kappear blue: To see how'this Fig. 38.5: Variation of intensity of

| change in colour takes place radiation with wave length for stars at
| With the increase in the sur- different temperature

|| face temperature of a star, You .
; have only to recall your common experlence of seeing burning coal. All this

| studied in your lesson on thermodynarics, 7
| | As you learnt in thermodynamics that a hot body radiates at all wave lengths,
| The intensity of radiation varies with the wave length in the manner shown
| {in Fig. 38.5. The colour of body is determined by the wave length at which
i' the intensity is maximum.

| { If we raise the temperature of the body, the wavelength at which the maxi-
§ mum intensity occurs shifts towards shorter wavelengths (Fig 38.5), or to-
% wards blue colour. Now probably you can guess why the colour of a hot
g body changes when its “temiperature rises. The same argument
1 2pplies to stars which are hot bodies and so their colours depend on their
| surface temperatures. | :

1 38.6.1 Stellar Spectra

: Another indicator of the surface temperatures of the stars is their spectra.
1 To see the solar spectrum, you can perform & simple experiment. Get hold
| of a glass prism, the one you uge for splitting the colours contained in white
1 light. Hold the prism in such a way that Sunlight falls on one of its faces
{ through a narrow siit. Let the light emerging from the other face (Fig 38.6)
1fall on a white sheet of paper, or.on a white-wall. The prism bredks the

'}1s in accordance with the Wien's displacement law, which you might have -
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‘the sun. Fig 38.7 shows a sample of such

Sunlight into colours. The colours range ﬁ‘Oln red to violet through orange,
yellow. green, blue and indigo. (Remember VIBGYOR?). These colours form
the spectrum of the Sun. The colours are not neatly separated from one
another To make the spectrum sharper, place a convex lens between the
prism and the slit and another between the prism and the sheet of paper.
Move the lenses to focus the colours on the sheet of paper. This will require
that a parallel beam falls on the prism and the sheet of paper is in the focal
plane of the second lens. If the Sun is bright and the colours on the sheet of
paper are focused well, you may be able to see dark lines crossing the
various coloured regions. These dark lines show what we call solar spec-
trum.

Fig. 38.6: SetuptOproducepurespectnunbyapﬂsm

The dark lines in the solar spectrum were first observed by Fraunhofer and

-«*‘,@tﬁi:

therefore the dark line spectrum is called Fraunhofer spectum. The dark -

lines are due to the absorption of light by atoms found in the solar atmo-

sphere. The continuous light is emitted by the surface of the Sun, which as
you have noted above, is at a temperature of about 6000 K. It is this light
which shows bright colours. This layer on the solar surface which emtts

‘bright light is called the photosphere. The formation of dark lines in solar

specturm has been described-in 36.4.1.

The spectra of other stars arises in simi-
lar circuimstarices. On a continuous back-
ground there are number of dark lines like
the Fraunhofer lines in the spectrum of

spectra. Notice the dark lineg and their
varying intensities. The dark lines show
the type of atoms present in the atmo-<
spheric layers of stars. The intensity of a
dark line shows the number of the par-
ticular star which produces it. Therefore,
by analyzing the stellar spectra, we can
find out the relative proportion, called the T .
sbundance, of the various atoms present ﬂfuf:;“ sl;h;tosgraph of
in the atmosphere of the stars. Y o pe

lt is interesting to know that 1o atom has been found in stars which we do
not know on the Earth. Even proportion or abundance of these atoms is
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similar to that found on the Earth and in the solar system. In fact, it would -

-be right to say that the -chemijcal composition of the whole
universe is similar to that found in the solar system. :

38.6.2 Stellar Claésification

In the sample of spectra shown ir Fig.38.7 do you notice that the lines in
the spectra are quite dissimila: in number as well in intensity? These sys-
tematic differences form the basis of stellar classification. A scheme of clas-
sification was proposed keeping in view the differences in spectra. The variv
ous classes were given the names: 0, B, A, F, G, K, M. Later, it was realized
that these classes were very broad and theve wa's need to subdivide each

class. So, each-class was subdivided into ten classses. Forexample, classes.

between F and G are FO, F1. ..., FO. Many more improvements had to be
made in the classification ‘scheme, but we shall confine ourselves to the
broad scheme outlined above. Since this classification: s based on ‘stellar
spectra, it is called spectral classification.

When initially the differences in the spectra, were noticed, it was thought
that the stars differ in their chemical composition and the spectra
reflect these differences. However, earlier in this century, an Indian

asfrupliysicist, M.N. Saha, showed that the differences in spectra arise be- -
cause of the different surface temperatures of the stars. He argued that at-

a given surface temperature only certain elements are ionized, the remain-
ing clements remain unionized. So the spectrum of a star with that surface

temperature will feature lines only due to certain ionized and unionized -

atoms. A star with a different surface temperature will show different lines
since at that temperature certain other atoms will be found to be ionized
‘and undonized, S

The spectra of O type stars shows prominently lines due to ionized
helium; there are very few othier lines. Now helium is an element which can
be lonized with great difficulty. At the temperature hellum is
ionized all other elements are already ionized. This is the reason O stars
have very few lines of other atoms. This means that the surface tempera-
ture of O stars must by very high. It is around 50000 K. In B type stars, the
prominent lines are due to neutral helfum atoms, and very few other lines:
So, the'surface temperature of B stars is lower than that of O stars, not
high enough to jonize helum, but high enough fo ionize all other atoms.
This temperature is about 25000 K for class BO. InA type stars, the helium

lines are absent altogether, instead we have line due to hydrogen with maxi- .

mum intensity. The surface temperature of A stars starts at about 11000

K. In the spectral class F the surface temperature s not high enough even.

to excite hydrogen atoms. So hydroghen lines become weak. The lines due

to neutral metal atoms like calcium and iron start becoming strong, The .
temperature of stars belonging to the spectral class FO is around 7500 K.

In stars of spectral class G (the Sun is classified as G2) the surface tem-

peratures are around 6000 K and.the prominent lines are due to ionized.
calcium and neutral metal atoms. As we go down the classification scheme, -
the temperatures are not high enough even to break the molecular bonds

of some molecules. So, lines dug to molecules start appearing in the spec-
tra. The spectra of classes K (surface temperature for KO ~ 5000 K) and M
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we have absolute
magnitude decreas-

(surface temperature for MO ~ 3800K) are dominated by lines due to mo}-
ecules. In class M stars there are thousand of lines while tn stars of classes
O and B thiere are very few lines. In Table 38.2 given -on last page of this
lesson, we have given a summary of stellar clasatfication..

38.6.3 H. R. Diagram

The two important characteristics of a star are its lumirosity and its
spectral class. Buthretheyre]atedtomhothm‘?lsltpodalbletoﬂndﬂm ,
luminosity of a star given its spectral class, or vice versa? These were some:
of the questions which astrophysicists s.xed themselves when they had
collected considerable data on stars. The answers to these questions could

obviously be found by plotting one characteristic against the other. This is
what was done by Hertzsprung and Russell independently during the ear-

lier years of the twentieth century. They plotted the abschute maghitude
against the spectral class for stars, They found that on this graph the stars
were not randomly distributed, but formed neat families. This meant that
there was a significant relationship between the two characteristics of the

stars. Any diagram in which 2 measure of luminosity (such as absolute

magnitude} is plotted against a measure of surface-temperature (such
as spectral class) is called an H.R. diagram. One such diagrams is shown

in Figs 38.8. Notice ' ' '

that temperature

‘as well as the

spectral  * class,
both are rejated.
Above both are re-
lated. Along the y-
axis in this diagram

ing upwards. Does

it mean luminosity

We notice in this
diagram a band of LR
stars runmng‘m;yp. o 'q i 'A, TR @ .
from- top left toTempersire (k) 20,000 . 10,000 5,000 3.000 .
bottom right. These. : - :
stars'are called the  Fig. 38.8: H.R. diagram showing the absolute
mhain  sequence ‘magnitudes of various stars-against thetr

stars. The Sun ~ Surface temperature _

belongs to this category. The stars lying along horizontal bands towards
the top of the diagram are called glants. Out of these which have very high
luminosities are called supergiants. Well high surface temperature but ha:
low luminosity. These stars are called the white dwarf stars. - -

The H.R. Diagrams give vary little hint about the relative number of stars of
the varlous families in our Galaxy. The largest number of stars in our Gal-
axy belong to the maiii sequence. The next most populated family is that
of white dwarf stars. There are very few supergiarits.

LN




The names giants and dwarfs really indicate their sizes. Consider white
dwarf first. They are much less luminous than the stars of their spectral
classes on the main sequence. The difference in absolute magnitude may
be as large as 10. This means that the luminosity of the white dwarf stars
is sbout 10* times less than the luminosity of the stars with the same
surface temperature but on the main sequence, Now recall that the radia-
Hon gtven out by a star per unit area is proportional to T%, where T is the
surface temperature, and its surface area is 4xR?, where R is its radius,
Then, its luminosity is given by

L=4rR?oT*, (38.11)

where ¢ is the Boltzmann constant, Therefore, if for the same surface tem-
perature white dwarfs have a much lower luminosity, it could only means
that theirtadii are really very small compared to the radii of the stars of the
same spectral class on the main sequence. Since their sizes are small the
name dwarfs for them is quite right. The giant stars, you can now argue
yourself, are very large in size and are aptly called glants.

- The H.R. diagram is a very important tool for investigating the nature of
stars in our Galaxy. Once the star has been located on the H. R,
diagram, we can guess its mass, radius, surface temnperature, luminosity,

age, the source of its energy. its future life, and many more things. It may '

be thought of as a kind of horoscope (Janam patry) for stars. No wonder that
the astronomers spend 8o much effort in placing a star on the H. R. dia-
gram. '

You have learnit above that the Sun belongs to the spectral class G2, How
do you indicate to your friend where it is located on . H.R.
diagram? to make this task easier, a second classification scheme for stars
has been devised. This is called luminosity classification. According to this
scheme supergiant stars are assigned classes I and 11, the glants are as-
signed classes IIf and IV, and the main sequence stars are called as belong-
ing to class V. The white dwarf stars are indicated by the suffix wd. Taking
this classification into account, the complete description of the Sun's class
isG2V.

INTEXTQUESTIONS 38.4

1. The surface temperature of the Sun is about 5800 K, Assume that it radi-
ates like a black body. Using Wien's displacement law, find the wave-
length at which the intensity of its radiation {s maxdmum.
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2 msucfaceaempemawqfastarofspecu-alctassxtsﬁoox Show
that the star will appear red.
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3. A white dwarf star has a surface temperature of 10000 K. Ilis

- absolute magnitude is 9.0. A main sequence star of the same spectral
class has absolute magnitude —1.0. Calculate the ratio of their
luminosities and the ratio of thetr radii.

raERA AN A IR RS IR NN NP L L T T TP T TP TP Y 1Y AR PN NI R R E RO RNV OR IRV RN




38.7 EVOLUTION OF STARS

The neat division of stars into families like the main sequence; gants, ete,
prompts many questions. Does a star on the main sequence, for éxample,
will always remain on the main sequence? Was a glant always a glant? Will
it ever become a dwarf? When v» say that a star belongs to the main se-
quence, or is a giant, or is a white dwarf, what does it mean in terms of the
stage of development of the star? To answer these questions we have tofind -
out how stars are born, how they become old and how they ultimately die.
The sequence of birth, growing old, and death of stars 1s called their

38.7.1 Development of a Star

Most of the young stars in our Galaxy are found in places where there
are huge gas clouds. Many objects which we know will ultimately .
become stars are found inside the gas clouds. This association indicates
that stars are born in the gas clouds. Under certain circumstances, the
very large gas clouds break up into smaller pieces. Each of these small
pieces, called a protostar, then contracts because of mutual gravita-
Honal attraction of its particles, The contraction releases gravitational
energy. '

You can verify that after contraction the gravitational potential energy of a
sphere of gas is less than what it was before contraction. Recall that the
gravitational potential energy of two point masser is negative and is in-

versely ‘proportional to its radius, Thus decreasing radius results in de-

creasing potential energy (negative value Inereasing in magnitude} and hence
a release of gravitationa} energy.

Gravitational energy s a very powerful source of energy. About haif of this
energy is used in heating the protostar. The other half s radiated out.

When the temperature in the core of the protostar has risen to several
million degrees the nuclearreactions can set in. the energy generation stopa

- any further contraction of the protostar. The star is ther said to have just

been born. At that time 1t 15 on the main sequence. The age of the star is
counted from that instant. That is why the main sequence 1s also called the
Zer0 age main sequence. '

38.7.2 Energy Production in a Star

How long does a star stay on the main sequence? On the main sequence a
star generates energy by fusing four protons into a helium nucleus (See
equation below). The mass of the helium nucleus is slightly less than the
combined mass of four protons. The loss in mass results in the production
of energy. in accordance with the Einstein's equation : E = mc?, where c is
the!peedofligl;tandmlsﬂwlossmmass,mmaretwowaysmwmm
theﬁ.-thionoffoﬁrprotons'cantakeﬂace. ¥ the temperature in the core of
the star s abcut 15 x 10° K or less (as In the Sun), then most of the energy

I8 produced by the following process, called the i’l'-clnln :
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¥
JH'+ H' = H?+e*
2 1 3
JH” +H = LHe’ +y
3
He® + He® = ,He*+2 H'

Her: e* is the positron and y is the photon of energy released. The energy
released in the formation of each helium nucleus is about 4 x 102 Joules.
In case the-temperature in the core of the star js higher than about
15 x 10° K, then most of the enérgy is generated by the carbon nitrogen

cycle. This process runs as follows:

L2+ H = NB 4y

| NP = CP et :
sCP+ H' = NY+y
LNY e H = O +v

8015 = 7N!5 +e+

5
NP+ HY = C? + ,He'

In this chain of reactions the carbon nucleus is
‘usedd as a catalyst; it is recovered at the end and
is available for the next chain. The energy deliv-
eréd per helium nucleus produced is roughly the
same as in the PP-chain.

As long as the enerpy in the star is generated by
the fusion of hydrogen into helium. also called hy-
drogen burning, the star stays on the main se-
quence. During this time it changes its position
very little. For a star like the Sun this phase may
last as much as eight billion years. For a star of
' mass 10 times the solar mass, this phase may
last only for about 107 years.

3873 Red Giant Phase

‘What happens when all hydrogen in the core
has been, converted into helium, no fusion is
possibl;/ because the temperatures are yet low
for the next stage of fusion reaction. The core
undergoes contraction, which releases gravi-

- tational energy. This heats up the core. The hy-
drogen which is present in the rim of the core
{Fig 38.9) now produces energy more vigor-
ously. Under the pressure of this energy. the
shell of the star expands, The radius of the star
increases enormously. The star heads towards

H~ -He

Fig. 38.9: The core of
a star contracts
while the hydrogen
present in the nm
burns to produce
energy during red
giant share of star

gnitude

giant branch

Absolute Ma;

——

Main Sequence

Temperaturr —»
Fig. 38.10: Aft. burn-
ing its hydrogen in the
core the star (of 1 solar
mass) heads towards
the giant branch
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the glant branch (Fig.38.10}). The star of the mass of the Sun might take
about 107 years to reach this, The core keeps contracting tll its tempera-
ture rises to about 2 x 105 K.

38.7.4 End of a Sun-like Star

At this temperature three helium nuclef can fuse into a carbon nucleus
and generate energy. After helium is exhausted in the core, the core once
again starts contracting, In the stars of massses a few times the mass of the
Sun, the core never gets heated to the stage where next set of fusion reac-
Hons can take place. In the absence of any energy generating process at the
centre, the star contracts. Its size becomes more like that of a planet. At
that stage the matter of the star becomes degenerate. Degeneracy is a quan-
tum phenomenon and cannot be explained here, It is sufficient to know
that the defjenerate matter exerts enormous pressure which is able to stop
further contraction. The star ends up as a white dwarf atar.

You must have heard that the maximum mass of a white dwart star must
be less than about 1.4 solar masses, called the Chandraseichar

mass. So, what happened to the remaining mass of the star which became
a white dwarf star? During the passage of the star to the white dwarf stage,
it loses most of its mass so that as a white dwarf its mass is smaller than
the limiting mass. :

88.7.5 End Phases of Heavy Stars

All the stars do not have masses stmilar to that of the Sun. What happens
to more masstve stars? If the mass of the star is about 10 times the solar
mass or more, the contracting core gets heated to a temperature at which
the next set of reactions involving the fusion of carbon can take place.
When carbon is finished in the core, another phase of contraction of the
core takes place. When the
temperature 1s appropriate the
next set of fysion reactions
takes place. This cycle of core
contraction, energy produc-
ton, core contraction....., con-
tinues til] the whole of the core
consists of iron nuclei. No more
fusion is now possible because
fron nuclei are the most stable
of all muclei. The contraction
of the core now sets in motion
@ chain of circumstances
which result in the explosion
of the star. The explosion pro-
duces such a huge amount of
energy that the star becomes
very bright for a short time.
Such a star is called a super-
nova. The explosion sprays the  F19. 38.11: Photo graph of crab nebula
matter of the star into the through a red filter
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surrounding space with great speed. Eventually this matter mixes with the
matter in the surrounding space and forms a slowly expanding cloud. Such
clouds are called Superncva remnants. One such remnant is the well-
known crab nebula (Fig 38.! 1). This is the remnant of the supernova explo-
sion that took place in 1054 und was recorded by the chinese.

But, what happened to the core of the exploding star? The fate of the core
depends on its mass. If the mass is less than 2-3 solar masses, then most of
the matter of the core gets converted Into neutrons., It is now the turn of the
neutrons to become degener-
ate. The pressure of neutrons
to become degenerate. The
pressure of degenerate neu-
trons halts the contraction of
the core and it becomes a neu-
tron star. If the mass of the
core is more than 2-3 solar
mass, then the core contrac-
Hon cannot be stopped and it
becomes a black hole.

A neutron star rotates very
fast. It completes one rotation
in a time of the order of a sec-
ond, some in as short a time
as a few miiliseconds. More-
over, ¢ neutron star poasesses
very strong magnetic fleld, The
combination of magnetic field
and fast rotation produces ra-
diation of very high intensity.
The radiation is cdnfined to a
rotating narrow cone (Fig
38.12), in much the same way _ :
as the rotating light beam from Fig. 38.12: Emission of radiation from a
a light-house. On the Earth neutron star (pulsar)

the radiation from a neturon

star reaches in the form of

regular pulses of short dura-

tion, That is why neutron stars

are also called pulsars.

The core which cannot settle
down as a neutron star keeps
contracting, At some stage the
radius of the star becomes so
small that its strong gravita-
tional field can prevent even
light from escaping it. Since no
Mght is recetved from the star
it is said to have become a
black hole (Fig 38.13 shows




.60 . Physics

this process systematically). What happens to it after this stage is not known
with any certainty and our story of stellar evolution must stop here.

INTEXT QUESTIONS 38.5

L.If M is the mass of the star and L its luminosity, then its life time on the

main sequence is roughly proportional to M/ L because the ultimate source
of energy of the star is its mass which it converts into energy. Suppose the -
luminosity of stars on the main sequense varies as MPS, find the life time of
a star on the main sequence if its mass is 10 times the mass of the Sun.
You are given that the life time of the Sun on theain sequence is alout&
x 10 years.

-------------------------------------------------------------------------------------------------------------------

38.8 WHAT YOU HAVE LEARNT

the distances of the stars are measured by the method ofpara]laxes
the masses of stars are determined from the obscrvaﬁons of binary

stars
-apparent magnitudes measure the brightness of stars

the relation between the apparent and absolute magnitudes can be used

© to measure distances of stars indirectly

the luminosity of a star can be obtained from a knowledge of it
absolute magnitude

the colour of a star is given by its surface tcmperrature

stellar spectra is the basis of the spectral classiﬂmﬂtmofﬁtars

the H.R. diagram is extremly useful for the study of stars

the stars are born from gas clouds, produce their own energy from

" nuclear reaction and when these processes stop they die

the end stage of a dying star could be (f) a white dwarf, {ii) a neutron
star, or (iif) a black hole.

38.9 TERMINAL QUESTIONS

1.

2.

3.

A star suddenly increases its brightness 45000 times. By how many
magnitudes does it change?

The bright star Castor, which appears single to the naked eye, is found
by telescopes to be a binary star. The magnitudes of the two stars are
1.99 and 2.85. What is the magnitude of the combination? .

Two identical stars differ in magnitude by 5. Show that ane of them is
10 times farther than the other. : ) ey 4? 4

If naked eye can see stars only up to a magnityffii
distance should the Sun be placed compared to it¥'Pfés
that it just stops being visible? Assume that there is no ahaorptlon of
light anywhere.
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5. The mass of a proton is 1.0076 atomic mass units and that of a helium
nucleus is 4.003 atomic mass units. Calculate the energy released for
each hellum nucleus made up of four protons. Atomic mass unit = 1.67
x 10¥ kg,

6. A star consists of pure hydrogen. Is the energy generation by the car- -
bon-nitrogen cycle possible?

Table 38.1: Twenty nearest stars

No. Name Parallax  Distance App. mag Sp. Class
| ) (parsex]

1. Sun(Surya) — — -26.8 G2
2. Alpha .0.760 1.32 0.1 G2
3. Barnard's star 0.552 1.81 9.5 M5
4. Wolf 359 0.431 2.32 13.5 M6e
5. Lalande 21185 - 0.402 2.49 7.5 M2
6. Sirus (Lubdhak) 0.377 265 -15 Al
7. Luyten 726-8 0.365 - 2.74 126 = M6e .
8. Ross 154 0.345  2.90 10.6 M5e
.9.: Ross 154 0.317 3.15 12.2 M6e.
10. Epsilon Eridani 0.305 3.28 3.7 K2
11. Luyten 788-6 . 0.302 3.31. 12.2 M6
12. Ross 128 0.301 3.32 11.1 M5
13. 61 Cygni 0.292 3.42 5.2 K5
14. Epsilon Indi T 0.201 3.44 4.7 K5
15. Procyon 0287 848 0.3’ F5
16. ¥ 2398 0.284 3.52 8.9 ' M3.5
17. -Groombridge 34 0.282 3.55 8.1 M1
18. Lacaille 9352  0.279 3.58 7.4 M2
19. Tau Ceti 0.273 3.66 3.5 -G8
'20. BD + 5" 1668 0.266 3.76 9.8 M4

. Notes on Table 38.1

1. In the spectral class ¢ indicates that the star's spectrum shows
emission Bnes in addition to the dark lines.

2. AlphaCmtamiiaacumﬂyampleatarﬂmnearestcomponmtofwlnch
is called Proxima Centauri.

.3. Indian names wherever known are given in brackets.




- Table 38.2: Major spectral classes and their characteristics

Surface
Spectral Type  Temp (KR Prominent spectral lines

0 50 000 He II, St=IV, N IIT; hydrogen lines rela-
tively weak 7

BO 25 000 He II absent; He I lines strong;
Si I, O II; lines of H stronger

A0 11 000 He I absent; H at maximum;
Mg II, Si1l, strong; F11l, Call weak

FO 7 800 H weaker; Ca II strong; Fe II,
T1 I reack maximum strength ai A5;
Fe I, Ca I about the same strength

GO 6 000 Ca Il very strong; neuiral metals like
Fe I strong

KO 5 100 H weak; neutral atomic lines strong;
molecular bands ‘

MO 3 600 Neutral atomic lines like Ca I very
strong: Ti Il bands

M6 3 000 Ca I very strong, strong molecular
bands

Note : Neutral atoms are denoted by I singly ionized atoms by II; two-times
jonized atoms by III, and so on. When conditions are suitable, emission
lines appear in stars of all classes.

CHECEK YOUR ANSWERS
Intext Questions 38.1

1.

1 parsec =  3.08 x 10'9/9.45 x 10'® light year
= 3.26 light year
Distance of the star in parsec = 12.2/3 26 = 3.74.
Distance hetween the Sun and Earth = 1.5 x 10'1/9.48 x 10
= 1.8 x 10 light year
Distance between the Sunand Earth = 1.5 x 101/3,088 x10'¢
~ 5 x 10 parsec.

The parallax of the star could lie between 0.098" and 0.102”
Therefore the uncertainty in the distance, Ad, is

Ad = 1/0.098 -1/0,102 = 0.4 parsec.
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Intext Questions 38.2

20

M, + M, = a!/(T% p%) = 1.02 solar mass
M,/M, = o/, = 0.15/0.075 = 2

So, M, = 2M,. Thus, 3M, = 1,02 solar mass, and M, = 0.34 M. where
M. represents solar mass. This gives

M, = 0.68 M.

Intext Questions 38.3

1.

Difference in magnitudes of two stars = 23.6 — (-1.4) = 25.0. Since a
difference of 5 magnitudes = brightness ratio of 100 Diff of one magni-
tude = (100)1/®* = 2.512.

Therefore diff. of 25 magnitudes = (2.512)% = 10,

Also remember

2
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Using eq. ( 38.9) where r is in parsec and remembering that
distance between Sun and Earth = 5.x 10* parsec (see answer to
question 2 of Intext Questions (38.1)

M =-26.8 + 5 - 5 log (5 x 109)
- 4.7,

Using eq. ( 38.9)
2=7+5~ 5logr

so that

log r =2, or r = 100 parsec.

Tocalculatcthclummosxty,usc(SS 10) with M, = M, the absolute magni-
tude of the star and M, = M. , the absolute magnitude of the Sun.

‘Then

M-M =-ﬂ-5log-iI:-M- was calculated as + 4.7 in the last pyoblem,

and L. was found earlter to be 4 x 10% J. Using_thesevaiuesand
putting M = 2, we find L = 5 x 1097 J,

Intext Questions 38.4

L

The Wien's displacement law says that the wavelength at which maxi- _

mum intensity occurs, called A max’ is given by
lMax.Tsozscm K,
Wherethewavelengthlsexpmssedincm From the given data A max’'

= 0.29/5800 cm = O, 29[5800:10_'1& = 5000 A.
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As in the above problem, A max = 0.29/4500 x 10® = 6444 A. This

wavelength is in the red region of the spectrum, so the star appears
red.

We shall use eq (38.10) : M, - M, = 2.5 log LA,

Let 1 refer to white dwarf and 2 fo main sequence star of same surface
temperature. Substituting values of M, and M, :

9-(-1)=-25lg L, /L,
log LA,=-4,ie L /AL,= 10¢

Let R, and R, be radii of the white dwarf and main sequence stars
respectively. Then from eq ( 38.11) for luminosity of a star :

L=4nR? T4,
We get L /L,= R} /R, = 10*
- R /R, =107

Hence white dwarf star has 10* times the lumzlnostty and 102 times
the radius as the main sequence star.

Intext Questions 38.5

1.

If v -be the age of a star on the main sequence, then
TaM/L

But L «M33 therefore,
1M/ M g M25

Thus,
1/1, =(M/M)*® =10725,

. SubstlmtingtheageofﬂteSun T, ~8x10° year, we get

1=2.5x107 years.

TERMINAL QUESTIONS

L.

2.

We remember ( refer Q. iofﬂnlntextomnons383)3§atformh
difference in magnitude the ratio of brightness is. (100)"” or 2.512.
Therefore, if the d:lfference in magnitude of the two stars is X, then

45000 =(100)**

"I‘!nscquationcanbesolvedforxgvmgx= 11.6

Thccombhaedhﬂghmessosttarsisb +b,. Supposcthemagni
tude corresponding to this brightness is m, thmfrom {6), we have
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,(bl +b2)fb2= lﬂﬂj(ml—m) 1+ bi"'b2= lOOA(Iﬂ-I)
- Substituting the values of b /b, and m,, we get m = 1.58.

Since the two stars differ in magnitude by 5, the ratio of their bright-
ness must be 100. As the brightncss of an object is inversely propor-
tional to the square of the distaice, one must be 10 times
farther than the other.

Suppose the sun would not be seen with naked eye if its magnitude is
6.2. The difference in magnitude is then 6.2 - (-26.8)
= 33.0. The corresponding ratio of brightness is (2.512)®. This means

that the Sun must be moved to a distance which is +{2.512)** times

its present distance. The square root has the value.4 x 105, So the sun
must be moved to four million times its present distance to make it
invisible with naked eye.

The difference between the mass of four protons and of helium nucleus
is (4 x 1.0076 - 4.003} x 1.67 x 10*" kg. The energy produced is this
quantity multiplied by C. This gives 4.118 X 1012 J

No, since the carbon-nitrogen cycle requires for its operation
carbon as catalyst, which is not present if the star consists of pure
hydrogen. :
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