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yINgddag AT N e YA AT I NG YA R dadt uzr I ud fa? i know this constant so everything
boils down to determine the constant so the question is how to determine k the answer is
simple remove everything remove the heavy mass remove everything and look at the natural
oscillation so what is the solution look at the natural oscillatio n of the system so
what do i have i have this rod there are two balls and i give it a twist theta and ask
how it oscillates so if you give a small angle theta is small you know it executes a
simple harmonic motion and the period is essentially given by t equal to 2 pi root i by
the unknown torsional constant k that is what we have which is a generalization of a
point mass which is going to oscillate and your i is essentially the moment of inertia
what is the moment of inertia of the system of two masses with a separation 1 now comes
the important observation that i made that the mass of the wooden rod was a very very
small fraction compared to the mass of this red lord these two so the moment of inertia
can be very easily computed and that is nothing but m 1 by 2 whole square because it is
about this particular point of this plus m into 1 by 2 whole square of this so that makes
it 2 m into 1 by 2 whole square this is my moment of inertia so what i will do is i will
measure the period i know my moment of inertia and that immediately gives me the spring
constant so if i did all these calculations i get a very elegant expression for g which i
have exhibited in my slide here i invite all of you people to please substitute all the
expressions and convince yourselves and what is your g given by two pi square 1ld square
by mt square please remember this small d is the separation between the big rod the big
ball and the small ball capital 1 is the length of the rod this capital m is the mass of
the big lead ball the mass of the small ball gets cancelled and then t is of course the
period so this is the great expression so this is exactly what cavendish did over a
period of one year he must have taken a whole lot of readings and if you go to the
internet and if you google you will find a reference to philosophical transactions of
royal society of london where you will find the detailed paper of cabin and cavendish
arrived at the remarkable number which is given by six point s even four into ten to the
power of minus eleven so indeed he performed an extraordinarily delicate experiment
determining a very very small number in writing this of course i have been completely
slip short and careless i mean that is deliberately done so that we spend some time on
what we are writing this is of course meaningless unless we specify the units and the
units are in si units so i leave it as an exercise for you people to compute what the si
units are my force will be in terms of newtons and newton itself is what kg into meter
divided by second square on the right hand side you have the mass square divided by
length square so if you substitute the whole thing you will get the value of g in newtons
so this is the experiment that he did and you can easily see there were a large number of
approximations if cavendish had gone too near the apparatus assuming you know hitti was a
person of roughly let us say six feet tall and he weighed well 70 or 80 kilos that could
have caused quite a lot of perturbation on the gravitational forces so he was wise enough
to stay probably meters and meters away and he was looking at the force of attraction
which are separated by a fraction of a meter it is very very important to know that in
fact an experiment of a very similar nature but of enormously greater accuracy is the
classic experiment of decay which was performed in 1964 who actually tried to verify that
the mass term cancels in the gravitational force expression ma equal to gm and we cancel
the tm equivalence of inertial and gravitational mass there actually um decay ensured
that even the mass of the earth will have no effect on the experiment that is very very
important because for example in the cavendish experiment it is assumed that the length
of the strings which supported that the heavier masses and the smaller masses were
exactly the same otherwise there will be a slight mismatch and the torque will not be in
the plane okay and then the gravitational field of the earth would play a role decay was
able to actually eliminate that we don't have to get into that but this is a really
interesting experiment so what i have to ask ourselves at this particular point is how
good was this experimental determination by comparing it with the known values and here
in my slide i have picked up the known value the most recent value this was probably
sometime in 2014 or so and the number is displayed as six point six seven four zero eight
and three one are in parenthesis into ten to the power of minus eleven so what do we find
we find that the first significant digit is completely agreeing there are no order of
magnitude errors the absolute error is of the order of about seven percent actually a
more careful experiment which was done by two boy or somebody i don't remember almost 100
years later increase the accuracy only by two percent okay there was a five percent error
compared to the real you know today's experiment and you can see the relative error b



etween the modern value today's current value and cavendish value is about one percent so
given the fact that the apparatus that was used was quite crude compared to what we use
by modern standards and compared with the fact that the least cone was not so great
compared to what we used today compared with the fact that they were not completely
vibration free in spite of enclosing it there might be a gust of wind or a small whiff of
wind you see that the cavendish experiment was indeed a great success and very
justifiably cavendish is credited with the determination of g of course there is a
fantasy that we want to weigh the earth it goes back to archimedes who said that when he
discovered it is you know principle of liver you remember which you studied in your
eighth ornament standard he said that give me a place to stand and give me a sufficiently
long rod i can even weigh the earth for you i can weigh anything for you that was the
archimedes claim okay so probably people were influen ced by that and for various reasons
people were interested in the mass of the earth and the density of the earth now if we
know the mass of the earth the gravitational constant we should be able to find the mass
of the earth also which i have shown in these slides but i will write them down so let us
write it down what i would like you people to do is to actually substitute the real
values and convince yourselves okay so now i go back to galileo that is what galilean law
of falling bodies i will write m j equal to g mass of the earth mass of the object
divided by radius of the earth square that is what i will write but now i am not as
powerless as i was 15 minutes earlier not as helpless because thanks to cabin dish i know
the gravitational constant this m will go away and i know the radius of the earth thanks
to observations therefore i can immediately determine the mass of the earth to be gre
squared divided by capital g that is what i have as i told you cavendish was not entirely
in terested in the mass of the earth but he was interested in the mean density after all
when i am writing the radius of the earth that is also the mean radius because after all
we know that the earth is not a perfect sphere but it is a geoid it is flattened at the
poles and slightly bulging at the equator therefore this radius is only a mean but anyway
if you ignore that we will write this to be 4 pi by 3 re cubed into rho and i will put a
bar on all of them so what does bar refer to bar refers to the mean value of the radius
of the earth and row bar refers to the mean density what density is this the mass density
of the earth so if you plug in all the numbers well people those days used to like to
give the specific gravity rather than the density and please remember specific gravity is
the ratio of the density of a material to the density of water presumably at room
temperature so row of earth mean divided by rho water let us say normal temperature
pressure turns out to be 5.448 plus or minus 0.033 this is the number that caventish got
interestingly we are told that actually cavendish made a mistake an algebraic numerical
error apparently he declared it to be 5.84 or some something or 5.448 it could be a
transcription error or a numerical error it is very trivial error substitution error we
are not going to penalize anybody for that but the correct number is 5.448 which tells
you that the earth is mostly solid and it is heavy even if it is not solid it must be
consisting of very very heavy elements which is what you have at the core of the earth so
the water content is not great although the two thirds of the surface of the water is
covered earth is covered by water so for comparison you should remember the density or
the specific gravity of iron is about 7 plus 7 point something of led is 11 point
something so we have a mixture of various other elements okay lot of silicon so on and so
forth so this is what cavendish discovered or cavendish measured so for that reas on he
is famously known for weighing the earth or finding the weight of the earth for the first
time and we should also remember those days people did not make a distinction between the
mass and the weight so he said that i have made the earth today when we say weighing we
mean the mass but he actually meant that he found mass into gravitation m into g that is
what he discovered but that is a slight some kind of deviation or integration which we
need not bother about so we have come a long way now but this is not where our
calculation ends because again i don't have any independent means of measuring the mass
of the earth and verifying that the law of gravitation is correct strictly speaking it
should be possible so what should i do i should be able to look at the orbit of the moon
and again determine the mass of the earth that is what we have to do let us spend some
time now if the mass of the earth agrees with the value obtained by cavendish or
cavendish like experiment where you loo ked at two independent masses from the
observations coming from the orbit of the moon then our faith in gravitational law
increases what is the next thing that i should do i should be able to look at the orbital
motion of the earth around the sun and i should be able to estimate the mass of the sun



now of course i do not have any means of finding out the mass of the sun but then i
should be able to look at the orbital motion of various planets and that should establish
the mass of the sun but luckily that is already established by the third law of kepler
because that is how we got a constant but then if i am intelligent i should be able to
combine the motion of the moon around the earth the motion of the earth around the sun
and i should be able to establish a relation between the period of the moon around the
earth given the distance between the earth and the moon the period of the earth around
the sun given the distance between the earth and the sun so these are various way of
consis tency checking if we did that then gravitation would be established but why should
i stop at that point i can proceed a little bit ahead i look at i can look at the moons
of mars for example i can look at the moons of jupiter jupiter has a very very large
number of moons i don't know there are many names i am not getting them right now ok it
has 12 moons or some such thing i should be able to look at their periods if they are
circular i will be able to use the formula that i have written if they are highly
elliptical mr newton anyway tells us that it is possible to determine because newton's
laws gives you the correct planetary orbits i should be able to determine various masses
and if all of them completely agreed with each other now you see i am making prediction
for the mass of uranus or mars or jupiter that would completely establish law of gravity
and there is one unexpected bonus that we are going to encounter and that is an
explanation of tides people have always observed tides and people have been fascinated by
tights because you know the full moon night and the new moon night causes the tides and
any number of supernatural explanations were given newton observed tights are nothing but
due to the difference of gravitational force of the sun or the moon at two different ends
of the earth so that is the correction that we have to compute all these we will do in
the next lecture so my sincere advice to all of you is please go back work out all these
things carefully i did not plugged in plug in the numerical values and we will wind up
the study of whatever i told you all these days in the next lecture and then go on to
discuss the applications ok have a good day bye you





