3. Momentum, collision
and center of mass
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Define momentum [ p = mv, J

Sl unit: kg:m/s

Newton’s second law in terms of momentum:

v _ dp

ZF=mdt dt

Suppose net force ¥ F is constant = ?7??

Define impulse
J=XF(t, —t)) =) FAt,

Sl unit: N-s

& Most useful if the force is in effect for a short time, i.e., when At is small



From Newton’s second law

ZF (t; —t1) =P, — P4

ie., J=p,-P:

Impulse-momentum theorem:
The change in momentum of a
particle during a time interval
equals the impulse of the net
force acting on the particle during
that interval



But in general, ZF is not constant!

2F,

x Large force that acts

for a short time

The area under both curves
is the same. so both forces

deliver the same impulse.

Smaller force that
acts for a longer time

>
}/k area under graph

t
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Define impulse as | J = fttlz Y Fdt

_ tzd_z_)’ ==

Impulse-momentum theorem again !!
A\ Different forces can give the same impulse



Q8.2

S Il
" g
You are testing a new car using crash test dummies. Consider two ways to slow the car
from 90 km/h (56 mi/h) to a complete stop:
(i) You let the car slam into a wall, bringing it to a sudden stop.
(i) You let the car plow into a giant tub of gelatin so that it comes to a gradual halt.

In which case is there a greater impulse of the net force on the car?

A.in case (i)
B. in case (ii)
C. The impulse is the same in both cases.

D. not enough information given to decide
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You are testing a new car using crash test dummies. Consider two ways to slow the car
from 90 km/h (56 mi/h) to a complete stop:
(i) You let the car slam into a wall, bringing it to a sudden stop.

(i) You let the car plow into a giant tub of gelatin so that it comes to a gradual halt.
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¢The impulse is the same in both cases.

D. not enough information given to decide



Define average net force Fav as the constant force

that gives the same impulse

1
— 1 tz —
= Fagyv =—— Fdt
(tz — tl) tq
. . . q .
Geometric interpretation: Fyy 1s a constant The area under the curve of net force versus
time equals the impulse of the net force:
force that has the same area under it as the IF, I
% Area = J = / 2F.dt

variable force : We can also calculate the

impulse by replacing the
varying net force with an
average net force:

Area = J,

F - :
( av).r = (Fuv),\'“l — 4l

el

h %)

k—1, — 1, —>
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Example: Catching a ball

Case 1: 0.50 kg ball moving at 4.0 m/s,
p=2.0kgm/s, K=4.0]

Case 2: 0.10 kg ball moving at 20 m/s,
p=2.0kgm/s, K=201]

Which one is easier to catch?

) ! -
Net force ZF

Kinetic energy gained
by ball = 2F + 5
- » )
g ‘_, \
Momentum gained by ball = ZF At B

ww force 1n both cases:

B ——

K T —

Suppose your hand exerts the same

Both stop within the same time
interval (*+ same impulse)

But case 2 stops at 5 times the distance
(K 1s 5 times larger)



Example
A ball hits a wall and bounced back. Assume the ball is in contact

with the wall for 0.010 s

Vi ==30 m/s
% E @) m= oo

Before

After :

Vax=+ 20 m/s

Impulse ] = m(v,,, — V1y)
=(0.40 kg)(20 —/(7 30) m/s) =20 N-s

J 1s a vector, be careful about
the direction

J _ 20N-s

— = = 2000 N
At 0.010S

average force F,, =



Example There are some powder pumping continuously from car B to car A with the rate of
b-kg per second. The powder is pumped vertically and thus has the same velocity

u as car B. At the instance when the car A has mass M and velocity v. Find the
acceleration a of car A.




Example There are some powder pumping continuously from car B to car A with the rate of
b-kg per second. The powder is pumped vertically and thus has the same velocity

u as car B. At the instance when the car A has mass M and velocity v. Find the
acceleration a of car A.

We consider what happen after a short time At.
powder with mass bAt with velocity u entered into car A
By conservation of momentum, we have

bAtu + Mv = (M + bAt)(v + Av)

bulAt = M Av + bv At b
A l"l =9 L) B .
a= lim Av—b(u V) i‘\ '
N At—0 E - M B / By :f- E:"::'hmm—-
fm'% {“__,........:.::.‘-'#H




Some terminologies:

A system means a collection of bodies, e.g. the 2 astronauts
form a system.

 Internal forces are forces which individual bodies in the
same system exert on others, e.g., the push between the
astronauts. Internal forces always exist as action and
reaction pairs.

* External forces are forces exerted on one or more bodies . )
of the system by another object outside it, e.g., et Gy
gravitational (if any) pull on the astronauts.

The forces the astronauts exert on each
other form an action—reaction pair.

I 2012 Pesrsan Bt

A system with no external forces is called an isolated system.



Consider a 2 body system,

— dp
Net force on A, F, = %,

— d_>
net force on B, Fp = %

If it is an isolated system, F)A and F)B are action and reaction pair

- . dp dp
F — Pa + Ps _

F, = — 0
A B dt dt
Define total momentum of the system P = T)’A + 1_53
dP
ac '

P is constant or conserved




Two Bodies

d d
— Protar = _(lel + mzvz)

dt dt

m,v, +m,v, = Constant



Three Bodies

d
E p total

d
= E(mlv1 +m,V, +m,v;)

dav, dv, dav,
=y

31 13

0

myv, +m,v,+m,v, = Constant

= I’l/lla1 aF m232 + m3a3
= (F21 +F31)+(F12 +F32)+ (F13 +F23) F32 A
(F, +F, )+(F,; +F,)+(F, +F;,) ¥




N Bodies

N
P = Zml.vl. = Constant
i=l1



Question

* A spring-loaded toy sits at rest on a horizontal, frictionless surface.
When the spring releases, the toy breaks into three equal mass pieces,
A, B, and C, which slide along the surface. A moves off in the negative
x direction, while B moves off in the negative y direction.

a) What are the signs of the velocity components of C along the x and y
directions?

b) Which of the three pieces is moving the fastest?



Under no net external force, momentum always conserved,
but not mechanical energy.

In an elastic collision, the KE is the same before and after
the collision. (No change in PE during the impact.)

In an inelastic collision, the KE before the collision is larger.

In a completely inelastic collision, the bodies stick together
after collision.



Example The ballistic pendulum — one way to measure the speed
of a bullet

Incorrect solution:

From conservation of energy

%7"137712 = (mg + my)gy

Before collision

5, Pl
o
" - 2(mp + my,)gy
My = vl —
mpg
T What 1s wrong?
—U)-Z- = [ Top of swing

Immediately JL\-//lL/E -
after collision = o i\

2012 Pasrson Eduomion, Ing.



Correct solution:
Conservation of momentum:

mpgvq
mpv; = (Mg + My)v, > Vv, = ———
mB + mW

Conservation of energy after collision:
%(mB +my)vs = (mp + my)gy

2
Before collision 1 mpgvq
= — =2 —|——- =
meg + myy
= vy =——,/2gy
mpg
Put in realistic numbers,
o _— mpg = 5.00g, my; =2.00 kg, y =3.00 cm, then
Immediately [T =777 | 5 1]1 = 307 m/s
after collision | = - @
mp + my

KE before impact is
%(0.00500 kg)(307 m/s)? = 236 )

KE after impact is
(0.00500 + 2.00 kg)(9.80 m/s?)(0.0300 m) = 0.590 J

Most of the original KE is lost! What happens to
this amount of energy?



Example An automobile collision
A 1000-kg car traveling north collides with a 2000-kg truck traveling east. Just
before the collision, the speed of the car is 15 m/s and that of the truck is 10

m/s. The two vehicles move away from the impact point as one. Find the

locity | fter th llision. -
velocity just atter the collisio By conservation of momentum:

(me + mp)Vy = MUy + MeVcy

Y
mr v
= V,=——% =6.7m/s
Truck 1605 (mc+mr)
o
2000 kg
) (m¢ + mp)Vy, = mpvry, + mevg,
1000 kg 2 i me ve
~ = V,=—""==50m/s
Before (mc+mr)

V= [V + VP =83m/s

tan9=‘;—y=o.75: 9 =37°

X



& Are there external forces acting on the vehicles?
Yes!
Then how to justify using conservation of momentum?

Weight and normal reaction: cancel each other, does not contribute to the
net external force.

Friction: contribute to the net external force, but can we neglect it?

The friction f between the vehicles and the road has finite magnitude.
Suppose the collision is ideal and takes time At — 0, then the impulse is
fAt — 0. Hence friction can be neglected.

In general, any external forces with bounded magnitude can be neglected in
ideal collisions.

Of course no collision is ideal in the real word. From the given speeds, it is
reasonable to assume that the collision takes a time At~0.1s. Suppose y;=
0.5. Then the frictions are of the order u;mg~(0.5)(2000 kg)(10 m/s?) = 10%
N. The impulses are of the order ~10*N x 0.1s = 103Ns. The initial
momenta of the vehicles are of the order of 2 X 10*Ns. Therefore
momentum is conserved approximately and we can simplify the question by
neglecting friction.



Q8.4

Two objects with different masses
collide and stick to each other.

Compared to before the collision,
the system of two objects after the
collision has

A. the same total momentum and the same total kinetic energy.
B. the same total momentum but less total kinetic energy.

C. less total momentum but the same total kinetic energy.

D. less total momentum and less total kinetic energy.

E. not enough information given to decide



A8.4

Two objects with different masses
collide and stick to each other.

Compared to before the collision,
the system of two objects after the
collision has

A. the same total momentum and the same total kinetic energy.
Jthe same total momentum but less total kinetic energy.

C. less total momentum but the same total kinetic energy.

D. less total momentum and less total kinetic energy.

E. not enough information given to decide



Q8.6

Block A has mass 1.00 kg and block B has mass 3.00 kg. The blocks collide and stick

3 |
4 P g

together on a level, frictionless surface. After the collision, the kinetic energy (KE) of

block A is

A. 1/9 the KE of block B.
B. 1/3 the KE of block B.
C. 3 times the KE of block B.
D. 9 times the KE of block B.

E. the same as the KE of block B.
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Block A has mass 1.00 kg and block B has mass 3.00 kg. The blocks collide and stick
together on a level, frictionless surface. After the collision, the kinetic energy (KE) of
block A is

A. 1/9 the KE of block B.
¢ 1/3 the KE of block B.
C. 3 times the KE of block B.
D. 9 times the KE of block B.
E. the same as the KE of block B.



Q8.7

Block A on the left has mass 1.00 kg. Block B on the right has mass 3.00 kg. The
blocks are forced together, compressing the spring. Then the system is released
from rest on a level, frictionless surface. After the blocks are released, the
kinetic energy (KE) of block A is

my = 1.00 kg mp = 3.00 kg
S

TNV

A. 1/9 the KE of block B. B. 1/3 the KE of block B.

C. 3 times the KE of block B. D. 9 times the KE of block B.
E. the same as the KE of block B.

3 1
4 P4



A8.7

Block A on the left has mass 1.00 kg. Block B on the right has mass 3.00 kg. The
blocks are forced together, compressing the spring. Then the system is released
from rest on a level, frictionless surface. After the blocks are released, the
kinetic energy (KE) of block A is

my, = 1.00 kg mg = 3.00 kg
S
A. 1/9 the KE of block B. B. 1/3 the KE of block B.
. 3 times the KE of block B. D. 9 times the KE of block B.

E. the same as the KE of block B.



Q8.8 > 1

An open cart is rolling to the left on a
horizontal surface. A package slides down
a chute and lands in the cart. Which
guantities have the same value just before
and just after the package lands in the

cart? 400 m

A. the horizontal component of total momentum
B. the vertical component of total momentum

C. the total kinetic energy

D. two of A., B., and C.

E. all of A., B., and C.



A8.8

An open cart is rolling to the left on a
horizontal surface. A package slides down
a chute and lands in the cart. Which
guantities have the same value just before
and just after the package lands in the

cart? 4.00 m

¢ the horizontal component of total momentum
B. the vertical component of total momentum

C. the total kinetic energy

D. two of A., B., and C.

E. all of A., B., and C.



Elastic collision

. 1 1 1 1
Conservation of energy: EmAvjlx + Evaélx = EmAVﬁzx + Eval%Zx
Conservation of momentum: MUVg1x + MBVUB1x = MyVsx + MpVpoy

Want to solve for v4,, and vg,,.
Trick:

my (vju - Vz%z;c) = mp (U§2x - v§1x)
My (Warx + Vazx) Wa1x — Vazx) = Mp(Wpax + Vp1x) Wp2x — VB1x)

From momentum conservation we have

Ma(Va1x — Vazx) = Mp(Vpax — Vp1x)

= Vg1x T Va2x = Vp1x T Up2x

Physical meaning: [vBZX - vAZx — _(vle - vAlx)J

relative velocity after collision = — (relative velocity before collision)



& In an elastic collision we can write down three equations:

1. conservation of energy
2. conservation of momentum.
3. relative velocity after collision = — (relative velocity before collision)

But only two of them are independent. Usually 2 and 3 are preferred because they

are linear.

{mAvAlx + MpUp1x = MyVg2x + MpUpoyx

Vpox — Vazx = —(Vp1x — Va1x)
> v ——mA_va +—2m3 v
A2x — A1 B1
x mA + mB x mA + mB X’
ZmA mpg — mA
Upax =~ Vg1x T ————— VUpi1x

mA‘l‘mB mA‘l‘mB



Special case: Elastic collision with one body initially at rest

B initially at rest

my — Mp
Va2x =

mA‘l‘mB

ZmA

UVpox = ——— Vaix

mA‘l‘mB

& Vg, Same direction (same sign) as v,;,, but direction of v,,, depends on m -my

(a) Ping-Pong ball strikes bowling ball.

Valx
( - S— —_—
A

BEFORE

B
AFTER
Va2x = “Vanx Upay
_‘ / X
vy >
B

£ 2012 Pearson Education, Inc

mpg > my, A reflected back

(b) Bowling ball strikes Ping-Pong ball.

BEFORE
o UAlx
= i i 5
' B
A
AFTER Ua2y e Upay o
B

£ 2012 Pearson Education Inc

mp < my, A continue forward and

Va2x < VUpax



my —Mmpg ZmA

Vaze = ————Vaix Up2x = Vaix
my + mpg ’ my + mg

When a moving object A has a 1-D
elastic collision with an equal-mass,
motionless object B ...

A N N L, Y—

A B

my = mg, Vazx = 0, Vpox = Va1x

.. all of A’s momentum and kinetic
energy are transferred to B.



EXample Moderating fission neutrons in a nuclear reactor
Fission of uranium produces high speed neutrons which must be slowed down
before it can initiate another fission process. Suppose graphite (carbon) is used as
moderator to slow down neutrons.

'.'}-
Vnix: g-é% [O 1'3/5
Before nQO —> X
mn:l'ou‘ me = 13 u

=

Vhzx Vezx =7
After —> 0N -> —X
assuming elastic collision
relative velocities: vo, , — Vpox = —(0 — Vpqy)

conservation of momentum:
MpVnix = MCVC2, T MnVn2x
get: vppy = —2.2x 10" m/s, ve,, = 0.4 %107 m/s

& Don’t worry about the direction (forward or backward) of neutron after collision.
Assume all v are +ve



Center of Mass

The center of mass (CM) of a system of point particles 1s defined as

A
ms
/‘ — — —
— mqrq +m2r2+--- Z m;r;
mirmya+t- mi
.\ R
®nm,
1.€.




Example

¥

Oxygy”“

[
\ 0

b

Xc

Ycm =

/ .
/70\ Need to worry about mass of nuclei only (why not e?)
\ ] o .
) Hydrogen A\ choose symmetry axis of the molecule as the x, y, and
4 b . . .
fem | 105° z directions \
N / H d)‘
y \, e meaning under rotation about that
| R
X

axis, the molecule looks the same

(1.0 u)(d cos 52.5°) + (1.0 u)(d cos 52.5°) + (16.0 u)(0)

1.0u+1.0u+16.0u
0.068d = 6.5 X 10712 m

m:

(1.0 u)(d sin 52.5°) + (1.0 u)(—d sin 52.5°) + (16.0 u)(0)
1.0u+1.0u+16.0u

=0



Solid bodies If not point particles, need integration....

Ref. to tutorial 2




Note:

* If the object has a point of symmetry, then the center of mass lies at that point.

 If the object has a line of symmetry, then the center of mass lies on that line.

 If the object has a plane of symmetry, then the center of mass lies in that plane.

* The center of mass of an object need not lie within the object e.g. a doughnut.

Center of mass

A i ’_“\\ G
/
: d/ ( s ) { °
p— ” .
// v \q:__ B
Cube Sphere Cylinder

ijAxis of symmetry
ES &
\

Disk Donut

Make use of symmetry rules to find
CM of homogeneous (constant
density) solids:

1) at the geometric center of regular
solids

2) lies on symmetry axis
3) CM can lie outside a body




— — — N
From definition of ¢, (by differentiation) S miry + myry + -0 Yyt _ 1 Z -
o my +my + - 2 m; M - ol
1=

total linear momentum

Ma.,, = m;d; + myd, + --- = ZFeXt +2Fint = EFext

external forces in equal and opposite pairs,

° l add up to zero
~ .

external forces internal forces
(action and reaction pairs)



-

. o = dP
Conclusion: [Macm =) Fext =

dt

J\

When a body or a collection of particles is
acted on by external forces, the CM moves
just as though all the mass were
concentrated at that point and it were acted
on by a net force equal to the sum of the
\external forces on the system.




An example with no external force — tug of war on ice

James , Rarnoh
90.0kg 5 600Kg Yem
k = J/Q (90.0 kg) (—10.0 m) + (60.0 kg)(10.0 m)
| | 1 | X e

Haon Kon 0 H00m 90.0 kg + 60.0 kg
xcm
_ (90.0 kg)(—4.0 m) + (60.0 kg)x;

P 90.0 kg + 60.0 kg

= x, =1.0m



An example with external force — A shell explodes into two fragments in flight.

(a)

After the shell explodes, the two fragments

Shell explodes follow individual trajectories,
but the center of mass

~ continues to follow the

LY shell’s original
~

b trajectory.

£ 2012 Pearson Education, Inc

(b)

Question: Will the CM in the above problem continue on the same
parabolic trajectory even after one of the fragments hits the ground?



GRAVITATION



NEWton’S Law Of G raVitation Any two particles attract

my each other through
= gravitational forces.

\Fg 2onl)

Gmlmz . E-.‘ Fg{lonZ)
F,=————m= inverse square law r
9 72
Even if the particles
)

have very different masses,
the gravitational forces they exert
on each other are equal in strength:

P F

g(lon2) — fg2onl)

G: gravitational constant 6.67 x 10~11 Nm? /kg?

Gravitational attraction between two masses is always
along the line joining them (called central force), and

n,y

forms an action-reaction pair

When outside a spherically symmetric body (i.e.,

~
e

density p(r) depends on radial distance » only, not on ; X
direction), the gravitational effect is the same as if all ’ 1 N
of the mass were concentrated at its center

1y




Ql4.1

The mass of the Moon is 1/81 of the mass of the Earth.

Compared to the gravitational force that the Earth exerts on the Moon, the
gravitational force that the Moon exerts on the Earth is

A. 812 = 6561 times greater.
B. 81 times greater.

C. equally strong.

D. 1/81 as great.

E.(1/81)2 = 1/6561 as great.



Al4.1

The mass of the Moon is 1/81 of the mass of the Earth.

Compared to the gravitational force that the Earth exerts on the Moon, the
gravitational force that the Moon exerts on the Earth is

A. 812 = 6561 times greater.
B. 81 times greater.
. equally strong.
D. 1/81 as great.
E.(1/81)2 = 1/6561 as great.



Cavendish Experiment — to measure G (or to “weight the earth”)

CI) @ The deflection of the laser beam indicates how far

o | the fiber has twisted. Once the instrument is
@ Gravitation p_ulls the Smfill masses l('-JWB.l’d the'largc calibrated, this result gives a value for G.
masses, causing the vertical quartz fiber to twist. :

Laser beam
The small balls reach a new equilibrium position

when the elastic force exerted by the twisted
quartz fiber balances the gravitational force
between the masses.

Large mass (1m,)

& 2012 Pearson Education, Inc.



Question

Saturn is about 100 times the mass of the earth and about 10 times farther from the sun
than the earth. Compared to the acceleration of the earth caused by the sun’s
gravitational pull, the acceleration of Saturn due to the sun’s gravitation is (100 times

. 1 1
greater / 10 times greater / the same /1—0 as great /1To as great).



Four fundamental forces of nature:

Gravitation force
Electromagnetic
force

Strong force

Weak force

Hold planets together 00
Hold molecules together 00
Hold nucleons (protons and 107 m

neutrons in an atomic nucleus)
together
Beta decay of nuclei 1078 m



Weight — defined as the total gravitational forces exert on the body by all other
bodies in the universe
On earth’s surface, gravitational attraction by the earth dominates over others

Gmgm Gmg
W = P"g = R2 = mg e g = RZ
E E

/

assuming earth is a sphere

with radius R and mass mg

measure g = 9.8 m/s?
Ry = 6.38 x 105 m
=  my = 5974 x 10%* kg



A Earth’s radius R = 6.38 X 10°m @
: Astronaut, mass m
|
"
|
: ™ = astronaut’s weight = Gmgn/r"
: + r = astronaut’s distance from the center of the earth
" astronaut’s distance from the surface of the earth
300 £
O
200 :
H |
100 i
: I :
v g | | | | | ] 6
- X 10
0 5, 10 515 20 25 30 r )
| ¥ | | | | 6
— R (X 10
0 5 10 5 20 g5 ¢ hels 10m

15 2012 Pearson Eucation, Inc.

when r > Rp, weight decreases as 1/72,

W = Gmym/r?



Gravitational Potential Energy — beyond U = mgy (near earth surface only)

Recall: gravitation is a conservative force

Reminder: revisit the properties of conservative forces in Lecture 5

work done by gravitational attraction

from 1 to 2 path independent,
just choose radial
;s ! o
— _, path (straight line)
—AU = Wgravz Fg . dr
1
T2
— _ Curved
- ( Egdr) path
&1 \
ﬂF g" d_)\= —Fg dr
inwards outwards
Gmgm Gmgm
a T &1

—[U2) - U1)]

N ;
| __— Straight
path
r. The gravitational force
A £
is conservative: The
work done by F_ does
not depend on the path
taken from r, to r,.




Define

U(r) =-—

Gmgm

U(0) = 0, i.e. zero level of PE at oo
U(r) < 0, decreases (more negative)

as r decreases

When close to earth surface, ry, 7, =
REg

I/Vgrav

1
§)
rn—n
=Gmgm——=
Ty

—mg(r; — Tl)T

1

=emgm|———

41

same as defining U =

mgy with zero level of

PE arbitrary

(r1 —12)

Astronaut, mass m

Gravitational potential
Gmgm

seiky FT =
energy £ WG
for the system of the
earth and the astronaut.

2012 Pesrson Education, nc

r

U 1s always negative,
but it becomes less
negative with increasing
radial distance r.



Example Escape speed

2 A Projectile, mass m
1“2 = ZQE
1

Earth, mass mg

On substitution

Shoot a projectile vertically with speed v, can it
escape from earth’s gravitational attraction?

2
Rg
zero KE, 1.e.,

correspond to
minimum v,

Gmgm
mv? + (— 2

ZGmE

e v = R
E

6.38 X 10 m

\/2(6.67 x 10~11 Nm? /kg2)(5.97 x 1024 kg)
V1 =

=0+0

N

PE at oo

escape speed,
& independent of m

=1.12 x 10* m/s

& better to launch a spacecraft towards to east * before launching, its already moving to
the east at 410 m/s due to earth’s rotation

& air molecules at room temperature ~ 500 m/s, — atmosphere exists



Question
Is it possible for a planet to have the same surface gravity as the earth
(i.e., same g) and yet have a greater escape speed?



Satellites — Assuming circular orbit

A\ No tangential force, v must be constant

Gmgm centripetal
=m acceleration

72

Gmg c.f. escape speed

= V= - U1=\/§U

A\ v independent of mass, astronauts orbit about the earth together with
spacecraft — apparent weightlessness

True weightlessness only if object is infinitely far from other masses




Satellites — Assuming circular orbit
GmE

Period of orbit

r

2T 3/
= a
mg A/ GmE

2

T_an_z
v r G

A\ larger orbit — longer period

Total energy in an orbit

Gmrgm 1 Gmgm U
E=K+U=%mv2+<— 2 >=—<— 2 >=E

r 2 r

A larger orbit, larger (less —ve) E. If spacecraft loses energy (due to air resistance
when it is too close to the earth’s atmosphere), r decreases and eventually falls
to the earth



Example
In order to launch a 1000-kg satellite into a circular orbit 300 km above the earth

1 Gmgm —w Lo+ Gmgm
2\ Rz +300km/ ' required \ R,

\ J
|

. : assume no initial KE
total energy in orbit

= Wrequired = 3-26 X 10%°]

& Ignore rotation of the earth so that no KE before launching.
Its contribution is about 2(1000 kg) (410 m/s)? = 8.41 x 107 J,
insignificant compared to Wrequired-



Question

A spacecraft is in a low-altitude circular orbit around the earth. Air resistance
from the outer regions of the atmosphere does negative work on the spacecraft,
causing the orbital radius to decrease slightly. The speed of the spacecraft
(remains the same / increases / decreases).



Q14.8

@

Star X has twice the mass of the Sun. One of Star X’s planets has the same mass

as the Earth and orbits Star X at the same distance at which the Earth orbits the
Sun.

The orbital speed of this planet of Star X is

A. faster than the Earth’s orbital speed.
B. the same as the Earth’s orbital speed.
C. slower than the Earth’s orbital speed.

D. not enough information given to decide



Al14.8

Star X has twice the mass of the Sun. One of Star X’s planets has the same mass
as the Earth and orbits Star X at the same distance at which the Earth orbits the
Sun.

The orbital speed of this planet of Star X is

%‘aster than the Earth’s orbital speed.
B. the same as the Earth’s orbital speed.
C. slower than the Earth’s orbital speed.

D. not enough information given to decide



Q14.9

Suppose the Sun were to shrink to half of its present radius while
maintaining the same mass. What effect would this have on the
Earth’s orbit?

A. The size of the orbit would decrease and the orbital
period would decrease.

B. The size of the orbit would increase and the orbital period
would increase.

C. The size of the orbit and the orbital period would remain
unchanged.

D. none of these



Al14.9

Suppose the Sun were to shrink to half of its present radius while
maintaining the same mass. What effect would this have on the
Earth’s orbit?

A. The size of the orbit would decrease and the orbital
period would decrease.

B. The size of the orbit would increase and the orbital period
would increase.

. The size of the orbit and the orbital period would remain
unchanged.

D. none of these



Center of mass

Planet’s orbit around the center of mass
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! P f Ug \
I -~ \
] g J 2 1
A
Planet vcm, Star |
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\ Star’s orbit % /
\ Y /
\ /
N\ : H il
N The star 1s more massive than
~ .
Up ~ the planet and so orbits closer

to the center of mass.

Both sun and planet orbit around their center
of mass

Mass of sun ~ 750 times the total mass of
planets — sun effectively at rest

A binary star consists of two stars orbiting
about their common CM, one called primary
(the brighter one) and the other secondary.
Can detect the secondary based on wobbling
of the primary around their CM



Spherical Mass Distribution
Means density p(r) depends on distance from the center only, not on the direction.
Can be a shell or solid.

1. The gravitational effect

outside a spherical mass
distribution is the same as g 2
if all the mass is
concentrated at the center
of the sphere.

i

s




2. The gravitational effect inside a hollow
sphere is zero.

The gravitational PE of a mass m
anywhere inside a hollow sphere is a
constant

U= GMm
B R

Gravitational force

o _ (v auauy_
9 \ox'ay’oz |




3. The gravitational effect inside a spherical
mass distribution is the same as if all the mass
interior to that point is concentrated at the
center of the sphere.

Example: when passing through a tunnel
through the earth (assume constant density
p), only the spherical region of radius r
contributes to the gravitational force at »

= | Gnr®)p] = T

— ME 2
p = TR x r,not 1/r

Cross section
through earth

Spherical region
of radius r

."?’!E



Example

There is a solid sphere and a spherical shell which are separated by 8m. Both of them have the same
mass M=100kg.

(a) What are the magnitude and the direction of the resultant gravitational force acting on this 1-kg
mass at point A?

(b) Now, the 1-kg mass is held at the center of the spherical shell (point B), what are the magnitude
and direction of the gravitational force acting on it.

AH

3m#

v




Apparent Weight and the Earth’s Rotation

W, true weight
(due to earth’s
gravitational
attraction)

If earth not
rotating, body in
equilibrium,

F=_W0

(this is true at the
north/south poles
of the rotating
earth)

W, = true weight of object of mass m
At the north or south F = force exerted by spring scale on object of mass m
pole: apparent weight
is the same as true
weight.

F + wo = net force on object of mass mi;
due to earth’s rotation, this is not zero
(except at the poles)

} = apparent weight = opposite of F

== . ¢S] §0
Away from the poles:
due to the earth’s
rotation, apparent
weight is not equal
to true weight.

Cb Rotation of the earth

© 2012 Pearson Education, Inc



At equator

muv?

WO_F:K

Apparent weight

acceleration due
to gravity of a
rotating earth

/

~0.0339 m/s?

W, = true weight of object of mass m

—-
T — F = force exerted by spring scale on object of mass m
pole: apparent weight
is the same as true
weight.

F+ w; = net force on object of mass m;
due to earth’s rotation, this is not zero
(except at the poles)

w = apparent weight = opposite of F

—_——

Away from the poles:
due to the earth’s
rotation, apparent
weight is not equal
to true weight.

Jo, acceleration due to gravity of a non-rotating earth



Black Holes
Recall escape speed from a star of mass M and radius R

2GM

UV = R

What if a star collapses, keeping the same M but R decreases? v increases.

When R small enough (reaches a critical value Rg), v = ¢, no light can escape?

26M ~ 2GM

7 - |Rg = Schwarzschild radius
S

Cc =

c2

Problems: 1) KE of light (photon) is not %mc2

2) gravitational PE near black holeis not —GMm/r

Schwarzschild (1916) derived exactly the same critical radius using General
Relativity (a relativistic theory of gravitation)



(a) When the radius R of a body is greater than (b) If all the mass of the body lies inside radius
the Schwarzschild radius Rg, light can escape Rg, the body is a black hole: No light can escape
from the surface of the body. from it. 1

Gravity acting on the escaping light “red shifts”
it to longer wavelengths.

£ 2012 Pearson Education, Inc.

Surface of the sphere with radius K, surrounding a black hole is called the event horizon:
light inside cannot escape -: cannot know what happens inside a black hole

We know a black hole’s

*mass — through its gravitational force on others

sclectric charge — through its electric force on others

eangular momentum — through its effect on surrounding space



Can’t see light from a black hole, how to detect it?

@ Matter is pulled from
the ordinary star to form

an accretion disk around Ina blnary star SYStem (ordlnary
the black hole. -
Encdinary star star + black hole), look for x-ray
source
@The gas in the accretion disk \
is compressed and heated to 5§ -
high temperatures, becoming Or study orbits of surroundlng

dan intense source Of X rays. T .
. Black hole stars in other cases

@ Gas in the accretion disk that
does not fall into the black hole is
ejected in two fast-moving jets.




