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Tidal Force

The tidal force is a secondary effect of the force of gravity. It arises because the
gravitational field is not constant across a body’s diameter. When a body is acted
on by the gravity of another body, the gravitational acceleration can vary significantly
between the near side and the far side. This tends to distort the shape of the body
without altering its volume.

Suppose that the gravitational field is due to one other body. Linearising Newton's
law of gravitation around the centre of the reference body yields an approximate
inverse cube law. Along the axis through the centres of the two bodies, this takes
the form :

2GMmr
ﬁ - RS (] ])

where G is the gravitational constant, M is the mass of the body producing the
field, m is the mass on which the fidal force acts, R is the distance between the fwo
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bodies and r < < Ris the distance from the reference body's centre along the axis.
This tidal force acts outwards both at the near side and at the far side of the body,
leading to a bulge on both sides,

Tidol effects become particularly pronounced near small bodies of high mass, such
as neutron stars or black holes, where they are responsible for the sfretchmg and
the eventual break vp of the in falling matter,

In the case of a black hole, there is no surface to halt the fall. As things fall into o
black hole the tidal forces become stronger and stronger until nothing con resist
them. The bodies are stretched into thin streams of matter. Eventually, close to the
singularity, they become large enough to tear molecules apart.

For a very large black hole such as those found at the centre of galaxies, this point
will lie well inside the event horizon, so the object may cross the event horizon
without any pulling whatsoever. For small black holes whose Schwarzschild radius
is much closer fo the singularity, the tidal effects may become large long before the
object even reaches the event horizon [3].

Tidal forces will break up ordinary stars as they spiral in toward the engine and
smear out the energy due to gravitational radiation. However, the galactic core will
also contain compact objects like white dwarfs, neutron stars and stellar mass
black holes, the final evolutionary stages of stars. These compact objects will not
break up when captured, and can emit detectable amounts of gravitational radiation,

Compact objects that pass near the central black hole will radiate gravitational
waves as they swing around the central black hole, thereby progressively losing
orbital energy and slipping toward the black hole’s horizon. Compact objects on
orbits such as these are rapidly removed from the cusp. These scattering events
may save a compact object from capture by the central engine by changing the
small compact object’s angular momentum. This is more likely for smaller objects
like white dwarfs and neutron stars. However, this same process will also scatter
compact objects that were not in capture orbits, that is, were not passing close
enough to the massive black hole, into capture orbits, and thereby ensuring a
continual supply of compact objects for consumption by the central engine. Stellar
mass black holes may persist and radiate strongly for severol years in these capture
orbits,

The orbits of these compact obijecis around the central engine will be highly relativistic.
A stellar mass black hole may be going as fast as half the speed of light at its point
of nearest approach to the massive black hole. These orbits will make very
complicated waveforms, dependent on many parameters of the binary system [5].
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Tidal break up of a Star

Consider a stor of mass M and radius R approaching o black hole of mass
My, The tidal force experlenced ata pomf on the star closest to the black hole is

M MS or
given by, D B::e })2 And the force at a point farthest fo the black hole is given by,

star
GMBH Ms.'or
(D - Rsrar)2

Here D is the distance from the centre of the star to the blcck hole. For the tidal

GM,,.,
break up of the star, the self-gravitational force of the star given by R ~ should

star

be less than the tidal force exerted by the black hole on the stor, That s,

GM GMBH Msl'ar GMBH M-W’

sfar
R%, “D-R.S D+r.F (1.2

From this we ¢an determine the distunce, at which the star will undergo the tidal
break up as,

%
M
D= Roter (4M8rH) (] A3)

For a supermassive black hole of mass 10° M, and a star with mass and radius as

that of the sun, this distance is D » 10%m

For the 107 M black hole, the Schwarzschild radius is of the order of 102 m. This
implies that the distance for the tidai break up is, D = 10R..

The energy released during the tidal break up is equivalent to the gravitational -
binding energy (2] of the star. That is,

3 GM,y
Energy released BE=+ 5 R '

star

56 -



For a star like our sun this works out to about 1044, This much of energy is
released during the tidal break up of a star in the vicinity of a black hole.

This is one of the possible fuels for the central black holes af the centres of galaxies;
such that it emits energies of the order of 1054/,

In the following table we have illustrated the variation of the dista nce for the tidal
break-up of a star like that of our sun with respect to the mass of the central black
hole.

Table 1.1

My, {in Mg) D (in meters) { D (in R

10 101 i0
106 10'2 108
{0 10" 1o

Tidal Break up of Compact Obijects

As mentioned earlier in the chapter, the compact objects like white dwarfs and
neutron stars, do not undergo tidal break up in the vicinity of super massive black
holes. In this section we will consider the mass of the black hole required to force
the tidal break up of these compact objects.

In the case of white dwarfs, the electron degeneracy pressure balances the
gravitational pressure.

Electron degeneracy pressure occurs when electrons are compressed info a very
small volume. Since their positions are well known, they gain @ large momentum in
accordance with Heisenberg’s uncertainty principle. This momentum creates o
pressure, which is temperature-independent and is responsible for the stability of
white dwarfs.

It has @ magnitude given as follows with usual notations,
72n (NPT |
Smme’® \7x P (1.4)
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By equating this electronic degeneracy pressure with the gravitational pressure, we
can determine the radius of the white dwarf [3].

CMay  B*M,,*°

3
Rwo m,,% M R

From this the radius of the white dwarf is obtained os ~ 10¢m
We have already obtained the distance for the tidal break up as

)3
M
= 4284 )
D=R,, [ MJ {1.5)

And also we have seen that, D = 10R,, where the Schwarzschild radius is given

G
by = —7 Making use of these facts in the above expression, we can determine

the mass of the black hole, for which the distance of tidal break up is about ten
times the Schwarzschild radius.

M- (20(;]3 Mo %
B Ryoc? 4

This works out to about, 10¥kg = 10% M, . That is, for a white dwarf fo be broken

up due to the tidal force of @ black hole, then the mass of the black hole should be
of the above-mentioned mass.

The energy released during the break up corresponds to the gravitational bindi ng
energy given by,

= 10" )

BE < 3 M
5

. RWD

Assimilar calculation can be done in the case of neutron star also. In the case of
a nevtron star, the neutron degeneracy pressure balances the gravitational pressure.

Equating the gravitational and the neutron degeneracy pressures we can calculate

h2 M-VS
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the radius of the neutron star and it is given by, Ry, =
Gm,m;
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For a neutron star of the mass of 1.5M, the radius is about, 10 km. The mass of
the black hole to break up the neutron star due to the fidal force can be determined

QOGT My r

in the same way as before, that is, Mgy = {(R - y
nsC

This works out fo about10Mg . That is, a 10 solar mass black hole is required for
the tidal break up of a neutron star, .

The energy released in this case is given by,

3 GMZ
BE = = =1 »10%
5 R !

NS

Conclusion

The amount of energy released during the tidal break up of compact objects is very
large. We have seen the effect of the tidal force in the vicinity of the black hole. We
have also determined the energy released during such break ups in the case of
normal stars as well as for compact objects. We have also shown that a super
massive black hole cannot force the tidal break up of compact obijects and from
this we have arrived at the masses of the black holes required for the tidal break up
of such compact objects.
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