Lecure 3 220118

The tidal field on the Earth due to the Moon

We have the following equation:
r’ =R* -2rRcosy +r°

We calculate 1/r in order to calculate the tidal potential as
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Assuming  is sufficiently smaller than R, we have
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Where we have applied the Taylor expansion (1.25B) to 2. Order in p. The potential at a point A on
the surface of the Earth in the gravitational field of the Moon is
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The first term, V, = R is the potential in the gravitational field of the Moon

at the center, C, of the Earth.

Gm
The second term, V, = —?I’COSI/I = —0uwonXa, 1S the difference of the potential

at Cand A in the gravitational field of the Moon if one neglects the
inhomogeneity in the Moon’s field at the Earth. Hence the sum of the first two
terms is then the potential at A in the gravitational field of the Moon.



This means that the third term,

Vv, =—%r2(3coszw—l)

’

is the difference between the potential at A in the Moon’s gravitational field if
the field is considered homogeneous with the value at the center of the Earth,
and the actual potential at A. This difference is due to the inhomogeneity of the
gravitational field of the Moon at the Earth, i. e. it is due to the tidal
gravitational field. It is therefore called the tidal potential at A.

The height difference, An, between flood and ebb due to the Moon’s tidal field
is given by

gAh=V,(0)-V,(7/2)

where V. =V, (l//), and g is the acceleration of gravity at the surface of the

Earth. This gives
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For a numerical result we need the following values:

Mytoon = 7.35 - 102, g = 9.81m/s?, (1.33)
R =385-10°km,  7Eartn = 6378km. (1.34)
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The tidal acceleration field (red) at the surface of the Earth due to the Moon is the
acceleration of gravity at the surface (black) of the Earth minus the acceleration of gravity at
the center (green) of the Earth in the Moon’s gravitational field.
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1.4 The Principle of Equivalence

Galilei investigated experimentally the motion of freely falling bodies. He found
that they moved in the same way, regardless what sort of material they consisted
of and what mass they had.

In Newton’s theory of gravitation mass appears in two different ways; as
gravitational mass, m¢, in the law of gravitation, analogously to charge in
Coulomb’s law, and as inertial mass, m; in Newton’s 2nd law.

The equation of motion of a freely falling particle in the field of gravity from
a spherical body with mass M then takes the form

d*7 ma M
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The results of Galilei’s measurements imply that the quotient between gravita-
tional and inertial mass must be the same for all bodies. With a suitable choice
of units, we then obtain

ma = mj. (1.36)

Measurements performed by the Hungarian baron Eo6tvos around the turn
of the century indicated that this equality holds with an accuracy better than
10~®. More recent experiments have given the result |$—é — 1] <9-10713,

Einstein assumed the general validity of Eg.(1.36) and considered it a consequence of a
principle which he called the principle of equivalence and which became one of the
foundational principles of the general theory of relativity.



A consequence of this principle is the possibility of removing the effect of
a gravitational force by being in free fall. In order to clarify this, Einstein
considered a homogeneous gravitational field in which the acceleration of gravity,
g, is independent of the position. In a freely falling, non-rotating reference frame
in this field, all free particles move according to
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where eq. (1.36) has been used.
This means that an observer in such a freely falling reference frame will say

my = (mg —my)g =0, (1.37)

that the particles around him are not acted upon by forces. They move with
constant velocities along straight paths. In other words, such a reference frame
is inertial.

Einstein’s heuristic reasoning suggests equivalence between inertial frames in
regions far from mass distributions, where there are no gravitational fields, and
inertial frames falling freely in a gravitational field. This equivalence between all
types of inertial frames is so intimately connected with the equivalence between
gravitational and inertial mass, that the term “principle of equivalence” is used
whether one talks about masses or inertial frames. The equivalence of different
types of inertial frames encompasses all types of physical phenomena, not only
particles in free fall.

The principle of equivalence has also been formulated in an “opposite” way.
An observer at rest in a homogeneous gravitational field, and an observer in

an accelerated reference frame in a region far from any mass distributions, will
obtain identical results when they perform similar experiments. An inertial
field caused by the acceleration of the reference frame, is equivalent to a field of
gravity caused by a mass distribution, as far is tidal effects can be ignored.

In the general theory of relativity gravitation is not considered to be a force. Instead one
talks about gravitational acceleration. A gravitational field is an acceleration field, meaning
that there is an acceleration of gravity at every point in a gravitational field.

It is important to designate between local and non-local aspects of a gravitational field.
Here “local” means that the extension in space and time is so small that tidal effects cannot
be measured. In this sense a gravitational field is locally homogeneous corresponding to the
statement that spacetime is locally flat.

Tidal effects are due to the inhomogeneity in a gravitational field. In this sense it
represents a non-local effect. One can show that tidal effects in Newton’s theory correspond
to spacetime curvature in Einstein’s theory.

Experiencing acceleration of gravity has a local character. It has nothing to do with
spacetime curvature. In general one experiences acceleration of gravity when one is not in
an inertial frame, i.e. when one is not in a freely falling, nonrotating frame.



Einsteins inspirasjon til eksvivalensprinsippet

Einstein fortalte i 1920 at da han satt pa patentkontoreti Bern
o0g jobbetmed en oversiktsartikkel om relativitetsteorien i 1907, fikk han
det han kalte sitt livs lykkeligste tanke:
En person somfallerfra et tak vil ikke oppleve noe tyngdefelt.
Einstein tenkte umiddelbartvidere:
Omvendt: En person som eriet akselerertrom ute i verdensrommet,
vil oppleve et tyngdefelt.

Man opplevertyngde i
et rom som ikke er i fritt fall

Til venstre beveger lys segi enheisiro i verdensrommet uten noentyngde,
oqg til heyre i en heis som akselererer oppover.
Lyset beveger seg motvenstre og bayes av "nedover”.



Ekvivalensprinsippet

Ifalge ekvivalensprinsippet er de fysiske virkningene av et
“kunstigtyngdefelt” i et akselerert ellerroterende referansesystem ekvivalente med de
fysiskevirkningene i et permanenttyngdefeltlagetav en massefordeling.

a closed room on the Earth a clgsed room accelerating
through space at 1g
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Tyngde er akselerasjonsfelteti et referansesystemsomikke eri fritt fall.



