Gravity Notes for PHYS 1121-1131. Joe Wolfe, UNSW

Gravity: where does it fit in?
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* Electromagnetism "unified" by Maxwell, and also by Einstein: Magnetism
can be considered as the relativistic correction to electric interactions which
applies when charges move.

» Only gravity and electric force have macroscopic ("infinite™)
range.

Mgraviton? = Mphoton = O
» Gravity weakest, but dominates on large scales because it is
always attractive

Greeks to Galileo:

i)  things fall to the ground ('natural’ places)
i)  planets etc move (variety of reasons)

but no connection (in fact, natused supernatural)

Newton's calculation: acCadf moon
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Newton's brilliant idea: What if the apple and the moon accelerate according to the same law?
What if every body in the universe attracts every other, inverse square law?



Newton's law of gravity

G-Iy

mimso Negative sign means
r2 Ell-r

Why is it inverse square? Wait for Gauss' law in electricity.

F=-G

Fi2 =-F21 Newton 3
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Newton already knew Kepler's empirical law:

For planets, ¥ OT 2  orbit radius and period
: 1

Nowif F O g O 2

then constant =g = 22 = Bw?

Planet r from sun T w r? r3@2

million km Ms rad.sl ms2
Mercury 58 7.62 8.25 10/ 3.95 10° 1.31 169 m3s2
Venus 108 19.4 3.23 16/ 1.13 105 1.32 130 m3s2
Earth 150 31.6 1.99 1¢/ 5.94 106 1.33 10 m3s2

etc



How big is G? Cavendish's experiment  (1798)
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From deflection and spring constant, calculate F, kngwamd ng, [1 can
calculate G. G = 6.67 18 Nm2kg2 (or m3kgls?
m.Me
Rez
[0 Cavendish first calculated mass of the earth:

Mo = gre? _ 9.8 m.s?x (6.37 16 my?

€7 G 6.67 1011 Nm2kg2

see http://www.physicscentral.com/action/action-01-5-print.html
and http://physics.usask.ca/~kolb/p404/cavendish/

Now also weight of m: |W| = md] G

= 6.0 1G4kg

Some numbers
What is force between two oil tankers at 100 m?

F=-G

What happens when more there a@bodies?
Superposition principle.
Fall objects together 2 Findividual

_ _ force on m
or F1= iZEll due to massesjm

continuous _
F1= dF
body ~ —1 bo'[:iy =



Shell theorem

A uniform shell of mass M causes the same gravitational
force on a body outside is as does a point mass M located at the
centre of the shell, and zero force on a body inside it.

Example. If pearthwere uniform (it isn't), how long would it take
for a mass to fall through a hole through the earth to the other
side?

F =-Kr where K = Grp.grt
0 motion is SHM withw = -\/% Simple Harmonic Motion: discussed later
2n 21 21 .
T = o = .... = 84 minutes

V_Gp-% . VGM/R3

[0 falls through (one half cycle) in 42 minutgsctually faster for real density profile)



Gravity near Earth's surface

= |Fel 'G@

W =mg = GMem

Jo is accel in an inertial (non-rotating) frame
Jo = Gl\r/lze

Usually, rJ Re, but

%o = G Ry +hy S e h
_ 1 where g is
= O3+ h/Rs do at surface

Other complications:
i) Earth is not uniform (especially the crusieful for prospecting

i)  Earth is not spherical
i)  Earth rotates see Foucault pendulym

N a
E |
(Weight) = - (the force exerted by scales)
At poles, F-N=0
At latituded, F - N = nma

where a = @2 = (ReC0s8)w?
= ... = 0.03 m3 at equator

= 0 at poles
, N =
We define -g = - = —7”:'@

Sog is greatest at the poles, least at the equator, and does not
(quite) point towards centre.

D

horizontal _g
Earth is flattened at poles



Puzzle: How far from the earth is the point at which the
gravitational attractions towards the earth and that towards the sun
are equal and opposite? Compare with distance earth-moon
(380,000 km)
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Gravitational field. A field is ratio of force on a particle to some
property of the particle. For gravity, (gravitational) mass is the

property:

irgn@/ =g =g() isavectorfield

cf electric field q'ec =E() laterin syllabus

Gravitational potential energy. Revision:
Potential energy

For aconservativeforce F (i.e. one where work done against it, W =
W(r)) we can define potential energy U BY = Wagainst  i-€.

f
-JE.dr
near Earth's surfacBg = mg [ constant

f
= —r[(-mgK) . (dxi_+ dyj + d)

f
= mgk.k fdz = mg(z - 2)

choose reference gtz 0, so U = mgz

Gravitational potential energy of m and M.
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Convention: take = as reference: u@r) =

U = work to move one mass fromto r in the field of the other. Always negative.
Usually one mass >> other, we talk of U of one in the field of the other, but it is U of both.



Escape "velocity".

Escape "velocity” isninimum speed ¥ required to escape, i.e.
to get to a large distance {r ).

4
' m

Projectile in space: no non-conservative forces so
conservation of mechancial energy

Ki+ U = K¢+ U

1 GMm

SMee-—x = 0+0

_ V'ZGM
Vesc = R

2 0.67 10-T Mm3Kg 1s2 5.98 164k
For Earth: ¥gc = -\/ 5 3791 6m 9

= 11.2 km:$ = 40,000 k.p.h.

Put launch sites near equatorveq= Rewe = 0.47 km.st

Question In Jules Verne's "From the Earth to the Moon", the
heros' spaceship is fired from a cannon*. If the barrel were 100 m
long, what would be the average acceleration in the barrel?

vi2 - Vvi2 = 2as

ve2-0 _ (1.12 13 ms?)2
& ="9s T 2x100m

= 630,000 m8 = 64,000 g

*why? If you burn all the fuel on the ground, you don't have to
accelerate and to lift iMuchmore efficient.

Planetary motion
"The music of the spheres" - Plato
Leucippus & Democritus C5 B.C.
heliocentric universe
Hipparchus (C2 BC) & Ptolemy (C2 AD) geocentric universe

Tycho Brahe (1546-1601) - very many, very careful, naked eye
observations.

Johannes Kepler joined him. He fitted the data to teeg®rical
laws:

Kepler's laws:

1  All planets move in elliptical orbits, with the sun at one
focus.

Except for Pluto and Oort cloud objects, these ellipsediaieles.
Msun>> Mpjang, SO sun is/c.m.

2  Aline joining the planet to the sun sweeps out equal areas in
equal time.

Slow at apogee (distant), fast at perigee (close)
3 The square of the periadithe cube of the semi-major axis

Slow for distant, fast for close



Newton's explanations:
Law of areas:

planet,
mass m

Area = % r.roo

i.e. for samét 1r266 constant

2
Conservation of angular momentimSun at c.m.
— - momentum
O Ll =bxpl =t xm = p. see later
= mr\"tangentlal
= mrw = mrL
m
= = 2 =
5t 06 = constant.
Conservation oL [1 Kepler 2.
Law of periods: (we consider only circular orbits)
Kepler 3: T0O3
Newton 2 — F = ma = ma?

Mm _ 1T
o'% = mirH
2
T2 = %@ﬁ - Kepler 3

(works for elipses with semi-major axis a instead of r)

Newton 2 &
Newton's gravity = Kepler3

Newton 2 &

Newton's gravity also 0 Kepler 1

Example What is the period of the smallest earth orbif2Rg)
What is period of the moonZy{gon= 3.82 16 m)

T2
= i 3 - 3
T Q é ﬁ '\/ 6.67 1011 5.06 164 (637 10)° s

= 84 min
Kepler3: 120 r3

T2 _ %EQ 821 ﬁ/Z
% 37 16

To= 464 T, = 27.2 days

For other planets: most have moons, so the mass of the planet
can be calculated from

- Bk



Orbits and energy

No non-conservative forces do work, so mechanical energy is
constant:

E=K+ U
_1_ > _GMm
= mv r

Let's remove v. Consider circular orbit:
v2 _  _F _ GMm
&

r m r2m
O %va = %Gl\r/lm
E=K+ U
_ 1GMm _GMm
2 r r
_ GMm
h 2r

; -1 __1 - _
le. E—ZU, or K= 2U, orK =-E.

Smallr 0 U very negative, K large (inner planets fast, outer slow)

Example A spacecraft in orbit fires rockets while pointing
forward. Is its new orbit faster or slower?

F//ds O Work done on craft
W =[F.ds >0.

0 E =- Gg/lrm increases, i.e. it becomes less negative. (R is

larger). K= - E,0 Ksmaller, so it travelsore slowly
called "Speeding down"

Quantitatively:
Ki=-E Kf =-F& = - (E+AE)
Ki = Ki—AE

12 =1mu2—
5 M= = 5 myg W

Looks odd, but need lots of work to get to a high, slow orhit.



Manceuvring in orbit.

&— V2

/&E) lvl2
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To catch up, vessel 1 fires engifeskwardsand loses energy.
It thus falls to a lower orbit where it travels faster, until it catches

up. It then fires its enginderwardsin order to slow down (it
climbs back to the original, slower orbit).

Example: In what orbit does a satellite remain above the same
point on the equator?

Called the Clarke Geosynchronous Orbit
i) Period of orbit = period of earth's rotation
i)  Must be circular so thab constant
T = 23.9 hours

2
ne
[ = MT?2 —
o

= 42,000 km popular orbit!
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