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Newton's L aw of Gravitation

1 (2 marks)
F= Gmm, 6.67x 107" x50 x 12 -
oo 0.40°
=250x 1078 N Al
Answer: 250 x 1078 N 2 marks
2 (2 marks)
_GM _ 6.67x 10" x 597 x 10** "
TR (6.37 x 10°%)2
=9.81Nkg™ Al
Answer: 9.81 N kg™ 2 marks
3 (3 marks)
(a) Force « r—lz so the force becomes ; B1
F
Answer : v 1 mark
(b) Force becomes 3 x 22 x F M1
=12F Al
Answer: 12F 2 marks
4 (2 marks)
_GM _gR?
g-= ? soM = G M1
_ 162 x (L.74x 10%?% _ 2
= 667 x 10-T =7.35 % 10 kg Al
Answer: 7.35 x 10 kg 2 marks
5 (2 marks)
« L g=28 i
g RZ 1 g 32
=1.09N kg™ Al
Answer: 1.09 N kg™t 2 marks
6 (2 marks)
. . 600
Distance from the centre = 3R, so weight = =z M1
=66.7N Al
Answer: 66.7 N 2 marks
7 (3 marks)
r=6.37x10°+1.0x10°=7.37x10°m B1
_GM _ 667x107" x 597 x 10* "
T (7.37 x 10°%)?
=7.33Nkg™ Al
Answer: 7.33N kg™ 3 marks
8 (4 marks)
_ gR® _ 371x(339x10%?
@M="5 = "gs 10" M
= 6.39 x 10 kg Al
Answer: 6.39 x 10% kg 2 marks
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M
©)yp=7— M1
§HR

=3920 kgm™3 Al

Answer: 3920 kg m™3 2 marks
9 (4 marks)

_ GMym 667 x 107" x 7.35 x 102 x 85

@ W= Ru> (1.74 x 10°)2 Mt

=138 N Al

Answer: 138 N 2 marks

(b) Earth weight = 85 x 9.8 = 833 N, and ratio = ¢o M1

= 0.165 (about g) AL

Answer: 0.165 (about one sixth) 2 marks
10 (4 marks)

(a) F = GMeMy 6,67 x 107 x 5,97 x 10%* x 7.35 x 10% "

T2 (3.84 x 10%)2
=1.98x 10 N Al
Answer: 1.98 x 10° N 2 marks
_ F _198x10%

(b) &=/, = 735 % 107 M

=270x 103 ms™? Al

Answer: 270 x 1073 m s72 2 marks
11 (4 marks)

(@ aMso —98><£ M1

g RZ' gA - 22

=196 N kg™ Al

Answer: 19.6 N kg™ 2 marks

(b) gs = 9.8 X % M1

=6.13N kg™ Al

Answer: 6.13N kg™ 2 marks
12 (4 marks)

(a) At the surface, mg = Gil;ﬂzm M1

Cancelling m, gR? = GM Al

Answer: GM = gR? 2 marks

(b) Distance from the centre = 4R, so ¢’ = % = 1% M1

W=20x 39 =1225N AL

Answer: 12.25 N 2 marks
13 (3 marks)

G R wﬂ——Rz M1

9 (R+h)?2' 7 987 (R+h)?

R+h= R\/% = 1.0435R M1

h=0.0435 x 6.37 x 10° = 2.77 x 10° m Al

Answer: 2.77 x 10° m 3 marks
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14 (5 marks)

Let th t be x from the Earth: CMe _ _GMw
epom e X Trom the ear X2 (d—X)Z

X ’ Mg

9.012

M1

— 8
= T+oo01 <384x10 M1
x =3.46 x 108 m Al
Answer: 3.46 x 10® m from the centre of the Earth 5 marks
15 (6 marks)
(@ 9GM _  GM "
x> (8d — x)?
3 _ 1 _
;—m,so24d—3X—x M1
X = 6d Al
Answer: AC = 6d 3 marks
_ Gx9M xm _ 9GMm _ GMm
(b) Force towards A = @’ 168 towards B = To M1
_ 8GMm
Resultant = ET M1
= GMm directed towards A Al
Answer: % towards A 3 marks
16 (6 marks)
2
(a) Each force has magnltude 2 , dong AB and AC, at 60° to each other B1
2
The resultant lies along the bisector and has magnitude 2 x GT x cos 30° M1
_43Gm?
=1= Al
a
2
Answer: Resultant = 3;52m 3 marks
(b) Forceson B1
2
Components along and perpendicular to A ) and %(@) M1
Magnitude = G—m 25 Gm Al
3 marks
17 (5 marks)
(@ M =px %HR3 M1
_ GM
=7 M1
= %HGpR Al
Answer: g = %HGpR 3 marks
(b) g= n><667><10—11><5500><34><106 M1
=522N kg™ Al
Answer: 522 N kg™ 2 marks
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18 (6 marks)
_ 2o _ -5 -1
(a)w—m—7.27><10 rad s M1
a=w?R=0.0337 ms™? Al
Answer: 0.0337 m s~ 2 marks
(b) 70g — Ry = 70a M1
Req = 70(9.83 — 0.0337) = 686 N Al
Answer: 686 N 2 marks
(c) Reading at apole =70 x 9.83 =688 N M1
Percentage = 2202 % x 100 = 0.343% AL
Answer: 0.343% 2 marks
19 (6 marks)
R2
(@ R M1
1
h=R(—= -1
(m ) M1
=3.45x 10° m Al
Answer: 3.45 x 10° m 3 marks
. h,_ 2h
(b) Weight « (1+ 5) 2= 1— & M1
2x1.0x10* _ _3
6.37 x 106 314> 10 M1
Decrease = 0.314% Al
Answer: 0.314% 3 marks
20 (5 marks)
(@ r=6.77x10°m B1
GM¢ .
9= =8.69 N kg M1 Al
Answer: 8.69 N kg™ 3 marks
(b) Gravity at this height is still about 88% of its surface value, so the statement is wrong E1l
Station and astronauts are in free fall with the same acceleration, so there is no contact force E1
between them
Answer: Gravity is still about 88% of its surface value; both arein free fall together 2 marks
21 (7 marks)

GMm _ 9GMm

(@) x> (4a— x)? M

da— x = 3X M1

X=a Al

Answer: AE=a 3 marks

_ 9 1

(b) Force towards B = GMm( Ga—0¢ @+ 6)2) M1
GMm 6,_ 6, _

= l-5) " -1+ M1
GMm 26 26 8GMmb

=~ —2 A+z3) -1 - N="35 Al

Thisis positive, so P is pushed further from E: the equilibrium is unstable El

Answer: Force = BG?l:;Il;nﬁ towards B; E is an unstable equilibrium 4 marks
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22 (9 marks)
3
(a) Mass within radiusr =M X% M1
Mr?
G x -3
Field strength = rzR = GR'\gr M1 AL
Using GM = gR?, field strength = % Al
Answer : g—F; 4 marks
(b) 5 =08 M1
Depth = 0.2R = 0.2 x 6.37 x 10° = 1.27 x 10° m Al
Answer: 1.27 x 10° m 2 marks
R?  _ _ 1
(C)m—o.&SOh—R(m 1) M1
h=0.118R =752 x 10°m Al
0.118R < 0.2R, so the weight falls more quickly with height above the surface than with depth El
below it
Answer: h = 7.52 x 10° m, which is smaller than the depth in (b) 3 marks
23 (8 marks)
2
Take the direction from A towards C as positive, and units of GT B1
OnA: from B 2 = 2 from C & totdl 3 + o= = o, towards C
n A: from Z rom C 5z; total 5 + 25 =g towards M1 A1
On B: from A _Z = —5; from C § 2 ; total = towardsC M1 A1l
, 3 6 ) 59 59
OnC: fromA — 5 ; fromB — §, total — —=e, i.e =z towardSA M1 A1
31 1 59 _ 93+25—118 _
Sm=g*§ -7 =" 10 -0 Bl
... 31Gm? . Gm? . 59Gm? _ .
Answer: A: 502 towards C; B: = Gl towards A; sum iszero 8 marks
24 (8 marks)
GMy, 1
(a) Nearest: W—3438><10 N kg M1 Al
Farthest: ™ = 3217 x 1075 N kg™
ar @+R? g M1 A1
Answer: Nearest: 3.438 x 107> N kg™%; farthest: 3.217 x 107> N kg™* 4 marks
(b) 3.438 x 107° — 3.217x 107°=2.21 x 10" ® N kg™* Al
Answer: 2.21 x 107° N kg™* 1 mark
GM _ R,_
@~ - - @+ M1
GM,, 4GM R
~ 22 By - - = M1
=221 % 107% N kg™, in agreement Al
4GMyR s -1
Answer: e 221 x 107" N kg 3 marks
25 (7 marks)
@M= %npR3, sog= GR—'\ZA = %HGpR, givingg « pR M1 M1
X -15x06=09 AL
9
Answer: gy = 0.99¢ 3 marks
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(b) M x pR®

MX — 3 —
Vo =15x06°=0324
E

Answer: My =0.324 M¢

gxRx

(c) Ratio = eRe

=10.9x 0.6 =0.735

Answer: 0.735

26 (7 marks)
GMgM,,
(@ Fs= (150 x 1011)?2
_ GMgMy,
£~ @Bax 10
Ratio = 2.18
Answer: Fg=4.34 x 10° N, Fg = 1.98 x 10® N, ratio 2.18
(b) The Sun gives the Earth almost the same acceleration as it gives the Moon
So relative to the Earth the Moon's motion is determined by the Earth's pull, and it orbits the Earth
while both orbit the Sun

=434%x 10° N

=1.98x 10° N

Answer: The Sun accelerates Earth and Moon almost equally, so only the Earth's pull affects the M aonasdaotion relat

27 (12 marks)
(a) Mass « volume « radius cubed, so the mass removed is %

.M

Answer: 5

(b) Treat the remaining part as the full sphere minus the removed sphere

GxMxm
5R. 8 _ GMm

GMm _ GMm . _
Full sphere: BGRZ - ORC ; removed sphere, with PC = = (_)2 = oR?
Force = GMm(l )_ 41GMm
~ R? ‘9 507" 450R?
_ 41GMm
Answer: A50RE towards the sphere
@Pc=3
GMm 1 1
Force= ——(g
9 7
R 8 x (E)Z
_ GMm, 1 _ 89GMm
R? (9 98)_ 882R2
Ansyer: SGMM
" 882R?
. . GM
(d) Field of full sphere at displacement r from O: '

G><M

, centre C: itsfield is ——x 38 (r—c)=
2

Removed sphere has density the same, ma$ , radi us

GM

. . . M
Field in cavity = —i—ar + —(r -0
__GM M R _GM
=R G which is constant, of magnltude X5 = ome

Answer: Uniform field of magnitude — GM directed from C towards O

2R?’
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28 (11 marks)
(a) Mass of element = ZMadx
Gmszadx
oF= a0
. _ GMmdx
Answer: dF = 2a(d — x)?
_ GMm pa dx
(b) F= 2a fa (d — x)?
_ GMm
2a [(d—x)]—a
_ GMm 1 _ GMm y 2a
2a ((d—a) (d+a))_ 2a (d? — @)
_ GMm
(@ -
. GMm
Answer: T
GMm &, _
(©)F= 2) !
GMm al
=~ (1+ )

2
Answer: F = Gd—zm(l + %)

GMm
9a°

(d) Exact force = Ci;vl—azm; point mass:
Excess= g — 1= 12.5%
Answer: 12.5%

29 (11 marks)

(a) Each element dM of thering is at distance s = \/x2 + a® from P, exerting force Gm dv

The components perpendicular to the axis cancel in pairs by symmetry

The component along the axis has factor cos ¢ = 5 glvmg Gm—dMX
Summing over thering, total dVl = M, so F = SM—";XM
(x“+a)
An . GMmx
swer': (X2 + a2)3/2

(b) % = GMm[(x* + &) 3% — 3x*(x* + a%) ]

= GMm(x? + &) %@ — 2x?) =0
a
V2

F—-0asx — 0and asx — o, so thisis the maximum

X =

Cy = a
Answer.x—\/E

GMm><i
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30 (11 marks)
(a) Areaof ring =2masin 6 x add M1
2 .
Mass=wa=%sined6 Al
4nia
Answer: % sin 0 dO 2 marks
(b) Cosinerulein triangle OQP gives s M1
. . GmdMm . M .
Force of ring has magnitude —z with dM = - sin 6 do M1
. . d—acosb . .
The cosine of the angle between PQ and PO is S , giving the stated component Al
Answer: dF = EmM sn @ (:S,; acos 0)d0 3 marks
. u+d®—a?
(c)du=2adsm6d6andd—ac056=2—d M1 M1
Limits: u from (d — &% to (d + &)? M1
GMm p@+a? , _ _
F=o Jig 4@ —au™®)du AL
- %[2&2 — 2 — @)Y M1
GMm GMm
= m[2a+ 2a] = T Al
. GMm .
Answer : F=T,a5|fall the masswere at O 6 marks

Gravitational Potential Energy and Escape Speed

1 (2 marks)
_ GMm _ 667 x 107" x 597 x 10?* x 1000
GPE = r - 7.0 x 10° "
= —5.69 x 101 J Al
Answer: —5.69 x 101°J 2 marks
2 (2 marks)
y =] 2% 667 x 107" x 7.35 x 10% "
- 1.74 x 10°
=2370mst Al
Answer: 2370 m s~! 2 marks
3 (2 marks)
_ 8
(8) GPE « T, 50 GPE= 2% = _31x10°) B1
Answer: —3.1x 108 J 1 mark
(b) Work done = —3.1 x 10® — (—6.2 x 10%) = 3.1 x 10% J B1
Answer: 3.1 x 108 J 1 mark
4 (2 marks)
v=12x98x 637 x 10° M1
=112x10*ms™? Al
Answer: 1.12 x 10*m st 2 marks
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5 (2 marks)
The gravitational potential energy at infinity is zero B1
Gravity is attractive, so work must be done against it to take the particle to infinity, so its energy El

near the planet is below zero
Answer: Zero at infinity; negative near a planet because work must be done to remove the particle 2 marks

6 (2 marks)
VA %,sothespeedismultiplied by {4 =2 M1
v=224kms™?t Al
Answer: 22.4km st 2 marks
7 (3 marks)
o 1 1. _GMm
Galn—GMm(ﬁ - ﬁ)_T M1
Using GM = gR?, gain = %ng Al
= 2 X 500 x 9.8 x 6.37 x 10° = 156 x 10'° J AL
Answer: 1.56 x 10'° J 3 marks
8 (4 marks)
1, GM_ GM
VTR T M
GM _ 667x107"x597x10* 1 2o _ 7
- = 537 x 10° - 5(6.0 x 10°) =4.45 x 10 M1 Al
r=895x10°m,soh=r— R=258x10°m Al
Answer: 2.58 x 10° m 4 marks
9 (3 marks)
l 2 _ GMm
Smv? = == M1
Using GM = gR* v =2gR Al
v=12x371x 339 x 10° = 5020 m s~ AL
Answer: 5020 m s™* 3 marks
10 (4 marks)
1 1 1,_2GM
§V2=GM(ﬁ—3—R)=3—R M1 Al
v2 = % (using GM = gR?) M1
v=9120ms™! Al
Answer: 9120 m s™* 4 marks

11 (4 marks)

(@) v x \/g M1
Ratio = | = =2
i0=1g5 = Al

Answer: 2:1 2 marks

(b) GPE o = M1
.2

Ratio = [ =4 Al

Answer: 4:1 2 marks
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12 (3 marks)
AU = GMm(£ — 1) M1
I P
— -11 24 1 _ 1
=6.67x 107" x 5.97 x 10* x 1200 * (-~ 75 ~ 7555107 M1
=5.69 x 10 J Al
Answer: 5.69 x 10%° J 3 marks
13 (4 marks)
1, ,_1, GM
2V= T2V TR M
9 _ s 2%6.67x107" x597 x 10 _ 8
V..~ = (1.5 x 10%) 537 X 107 =1.00 x 10 M1 Al
V, =10000 ms™* Al
Answer: 10000 m s™* 4 marks
14 (5 marks)
2 _ 2GM 2_9 , 2GM _ 9GM
Ve_R’SOV_lG R -~ &R M1
L2 9GM _GM _ GM
5V —GM(R )gl TR - R ; M1 A1
i_7
r ~ 16R M1
_ 16R
r= = Al
Answer: @ 5 marks
15 (5 marks)
(@) v=y2x162x10x10°=1800ms* M1 A1
Answer: 1800 m s™* 2 marks
(b) g is not constant over a height comparable with the radius of the Moon E1
l V2 = _ oRh
= GM(g — ®R+m) =R+ M1
_|2x162x1.74%x10°x 1.0x 10° _ 1
V—\/ 274 % 107 =1430ms Al
Answer: g decreases with height so the student over estimates; correct speed 1430 m s™* 3 marks
16 (6 marks)
(a) Force = G)'\(/lzm B1
Work = J; GMm dx = GM m[——]R M1
GMm
=R Al
GMm
Answer : R 3 marks
_ 1 1, _ 2GMm
(b) Work = GM m(ﬁ - ﬁ) = 3R M1 A1l
=1.67x 10 Al
Answer: 1.67 x 10°J 3 marks
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17 (6 marks)
(a) %mc2 = Gl\:lm M1
2GM
r==2 Al
_ 2GM
Answer:r = =2 2 marks
(b)r = 2x6.67 x 1071 x 1.99 x 10% "
- (3.00 x 10°)2
= 2950 m Al
Answer: 2950 m 2 marks
_ ¢ _ (3.00x 10%)2 x 1.2 x 10%
OM=56 = 2x667x10™ M
=8.10 x 10* kg Al
Answer: 8.10 x 10* kg 2 marks
18 (6 marks)
(@ M = %HR3p M1
1 ,_ GM _ 4nGpR?
V' ER T3 M
V= RW/ 8H3Gp Al
Answer: v=R SH:EP 3 marks
_ \
(b)R= 5Go M1
3
—-11
81 x 6.67 x;O x 3000 ~ 129 x 10~3 M1
R=2320m Al
Answer: 2320 m 3 marks
19 (5 marks)
(a) % x 1500 x 2000% = 3.00 x 10° J B1
Answer: 3.00 x 10° J 1 mark
1 1
— -1 24 1 _ 1
=6.67 x 107 x 5,97 x 107" x 1500 % (6.37 X10° ~ 937 106) M1
=3.00 x 10 J Al
Answer: 3.00 x 10%° J 3 marks
(c) Work done = AKE + AU = 3.30 x 10'°J Al
Answer: 3.30 x 10'° J 1 mark
20 (6 marks)
(8) KE + GPE = 0 at infinity, so KE = ™ M1
_ 667x1071Mx597x 107 x 40 _ 9
= AT =235x10°) Al
Answer: 2.35 x 10° J 2 marks
(b) v = 1} 2 xmKE =1.08x 10*ms™! AL
Answer: 1.08 x 10*m s™* 1 mark
(©) KE:%Rm =250 x 10° J M1
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v=112x10*ms™ Al
Answer: KE=250x10°J,v=112x10*ms™* 2 marks
(d) The energy needed to escape from the surface is the same as the energy gained falling in from El

infinity, because gravity is conservative
Answer: Gravity is conservative: the energy gained falling from infinity equals the ener gy needed to escaipe

21 (8 marks)
v = GM¢ GM,,
@V="R ~@-ro L
= —6.251 x 10" — 1.298 x 10* = —6.252 x 10" Jkg~* Al
Answer: —6.252 x 107 J kg™* 2 marks
_ GMg  GM,
(b) V = —T - m M1
= —1.152 x 10° — 1.280 x 10° = —1.280 x 10° Jkg™* Al
Answer: —1.280 x 10° J kg~* 2 marks
© 5 lv=v, - Vg M1
v2 = 2(—1.280 x 10° — —6.252 x 107) M1
v=111x10*ms™ Al
Answer: 1.11 x 10* m s7* 3 marks
(d) Beyond N the Moon's pull is greater than the Earth's, so the resultant force is towards the El
Moon and the spacecraft is drawn on
Answer: Beyond N the resultant force is towards the Moon 1 mark
22 (8 marks)
(a)v = 2GM _ [2x6.67 x 107 x 5,97 x 10% "
B V R ~ 6.37 x 10°
=112x10°ms™* Al
Answer: 1.12 x 10 m s™* 2 marks
by = 2OR _ 20x 637 x 10°
B) V=== "gs00 M1
=463 ms* Al
Answer: 463 m s™* 2 marks
(c) (i) The ground moves east, so the rocket already has speed 463: required speed relative to the M1 A1
ground = 1.12 x 10* — 463
=1.07x10*ms™? Al
(i) Required speed = 1.12 x 10* + 463 =1.16 x 10* ms™* Al
Answer: (i) 1.07 x 10 m s7%; (ii) 1.16 x 10* m s7* 4 marks
23 (8 marks)
1, 1 _ GMh
(@ v°=GM(g - R+h) RR+ ) M1
5 _ 2GMh 5 _ 2GM o_ h
—mandve—T,SOk—R_'_h M1 A1l
k?’R+k?h=h szoh=k2—R Al
’ (1-K)
. _ k%R
Answer: h = T-K) 4 marks
_ 064R
(b) h= 036 M1
= 1R 17eR) AL
Answer: 1(;R 2 marks
2 _ 1 ,_1 _
() k=5, sov? =35Ve =5 X29R=0R M1
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v=1ygR Al

Answer: {gR 2 marks
24 (9 marks)
(a) Work done in moving from infinity to the surface = GLRm M1 Al
Work done in moving from the surface to the centre = £ ® Gl\égn L ar M1
_ GMm
= —>r- Al
Total work done by gravity = %, so GPE = —% Al
Answer: GPE at the centre= — 362'\|4m 5 marks
1 3GM ’SGM
(b) EVZZW,S)V: R :\/3gR M1
=137x10*ms™* Al
Answer: 1.37 x 10 m s™* 2 marks
1 . 3GM GM GM
(©) 5V° = Uguface = Ugenre PEN UNit Mass = = — 5~ = > M1
v= M =GR = 7900 m st A1
Answer: 7900 m s™* 2 marks
25 (8 marks)
_ [3x1.38x 1072 x 300
@ vy = 33x 107 M1 A1
=1940ms™? Al
_ [3x1.38x1072x 300 _ .

o—\/ c3x 105 =484 ms Al
Answer: Hydrogen: 1940 m s™%; oxygen: 484 m s™* 4 marks
(b) Minimum escape speeds: 6 x 1940 = 1.16 x 10* (hydrogen), 6 x 484 = 2900 (oxygen) M1
1.12 x 10* < 1.16 x 10* but 1.12 x 10* > 2900 Al
Answer: Hydrogen needs 1.16 x 10* m s~ (> 1.12 x 10%); oxygen needs only 2900 m s™* 2 marks
(c) Required escape speed 2900 ms™1 > 237 x 10° ms™? M1 AL
Answer: The Moon's escape speed (2.37 x 10°) is below the 2900 needed 2 marks

26 (7 marks)
1, 1 1 . _ GMh
@ v =CM(g ~ R5H) = RR+H M1
Using GM = gR? v2 = 22X
sing =RV = R/in M1
_ 2ghh AL
1+R)
Answer: vZ = 2ghh 3 marks
(1+R)
(b) 20h= 1.1 x —2&. M1
1+g)
1+%:1.1,soh:0.lR:6.37><105m Al
Answer: h =0.1R = 6.37 x 10° m 2 marks
(c) True: v2=gR, sov =7900 ms™* Al
Constant gravity: v =2gR = 1.12 x 10* ms™* Al
Answer: True: 7900 m s™%; constant gravity: 1.12 x 10* m s™* 2 marks
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27 (11 marks)

(@) Mv,; = 2Mv,

V=2V,

Answer: v, = 2v,

(b) Initial GPE = —w; GPE when touching (centres 2a apart) = —

1, .1 2 _ 201 1. _ 4GM?

iMVl + E(ZM)VZ = 2GM (Z_a m) = ~"5a
4GM? . AGM

3MV22 = “Ba (using v, = 2v,), SO V22 = 15a

Answer: v, = %

© v 4 x 6.67 x 1071 x 3.0 x 10%

2= 15 x 8.0 x 10°
v,=817ms™*
v, =1630ms™*

Answer: v, =1630m s v,=817ms™?

qyp=Mx2M _2M 1 2M » _ 4GM?

(d)p ="y ‘3’2'3'Vrd‘5a
12c;|\/| |v|

Vgl = = (3v 2)2—9>< , as required

Answer: Both givev, 42 = %

28 (10 marks)
GM GM
@U=-77 — rx
1

Answer: U = -GM m(l + m)

WU _ oL -
(b) a - GM m( X2 (6R )2)
=0whenx=6R — x,i.e. x=3R
d’u _ 2 2
ax? GI\/Im(x?’ " (6R — x)3)
which is negative, so U has a maximum at x = 3R

Answer: Stationary at x = 3R; second derivative negative so it isa maximum

(c) The probe reaches B if it reaches x = 3R, where U is greatest

1 5 _ 2GMm  GMm . GMm
>Mv =URBR) - UR) = — = TR T &R
» _ 16GM a 1
—ﬁ,ﬂ)v—8l7oms
~_[1eG™M _ -
Answer: v = ﬁ—8170ms

(d) The net force on the probe is then towards B, so it is accelerated into B
Answer: It isaccelerated towards B and falls onto it

29 (11 marks)
(@) Volume « (r* — &%) for the matter within radiusr

rP—al
X ———
M'=M R

Field = S0

GM(r - ad
(b3 — a3)r2
(b) Thereisno field inside the cavity, so V(0) = V(a)

GM Lb GM(r® —

V(a) = 5 ~ (b3 ) ) dr

Answer:
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b a b? — a2 1 1

L(r—ﬁ)dr: 5 +a3(5—5) M1 A1
_ GM 2 b 332
V(O) = _m[b + 5 T 5 M1
_ 3GM(b? — &) Al
T 2B -ad)
_ _ 3GM(b? - @)
Answer: V(0) = TR 6 marks
. 3GM .
(c)a— 0Ogives —~p the value at the centre of a uniform sphere B1
a~ b gives — ", the potential inside a thin shell B1
Answer: —3GM/2b (solid sphere) and —GM/b (thin shell) 2 marks
30 (9 marks)
(a) Surface area 4rr? times thickness dr times density B1
Answer: 4mpr? dr 1 mark
(b) Mass of the sphere already formed = %npr3 M1
4
G x =1pr® x 4mmpr? dr 22
Work done by gravity = 3 - = 16H3Gp r* dr Al
2 2
Answer: Work done = @r“ dr 2 marks
2 2
(c) Total work = _g : %r“ dr M1
_ 16m°Gp°R®
=— Al
_4 3 2 9M?

M = 3mpR”, s0 p* = Tom2R® M1
Bindi _ 16m°GR® “ 9M? _ 3GM?

inding energy = —z Ton?RE ~ SR Al
A ~ 3GM?2

nswer: “BR 4 marks

_ 3x6.67x 107 x (5.97 x 10%)?

(U= 5x 6.37 x 10° M
=224 x10%] Al
Answer: 2.24 x 10%2 ] 2 marks

Circular Orbitsand Satellites

1(2 marks)

GMm _ mv? _ |em
2z - VI M

=11 24
- \/6-67 X 1(; _ xx1%‘?7 X107 _ 7540 m st Al
Answer: 7540 m s™! 2 marks
2 (2 marks)
T_ﬂ_ZﬁX?.OXlOG -
T v 75x10°
=5860 s Al
Answer: 5860 s 2 marks
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3 (2 marks)
T?or? s0Ty?=4°x 1.0° =64 M1
To=80yeas Al
Answer: 8.0 years 2 marks
4 (2 marks)
2
Gravitational attraction of the planet: GI;/ZIm = mTV M1
, _GM [GM
Vi= — S0V = — Al
r r
Answer: v = GTM 2 marks
5 (2 marks)
_1__,_ GMm
KE = SMve = — M1
_ 6.67x107" x 597 x 10% x 500 _ 10
= 2% 70x 10° =142x10"J Al
Answer: 1.42 x 10%°J 2 marks
6 (2 marks)
1
Vo == M1
\/F
Vaivg=4y4:1=2:1 AL
Answer: 2: 1 2 marks
7 (4 marks)
G“’;m = mw?r with w = 27H M1
r
3_ GMT? _ 6.67 x 107" x 5,97 x 10** x (8.62 x 10%?
rs= — = . M1
411 4
r=422x10"m Al
h=r— Rg=358x10"m Al
Answer: r =4.22 x 10’ m, h=358x 10’ m 4 marks
8 (3 marks)
GMgm o _o2n _an?®
2 —mwrW|thw—7,soMs—? M1 M1
_ 4nm®x(150x 10" _ 30
© 6.67x 107 x (316 x 10)% 200107 kg AL
Answer: 2.00 x 10* kg 3 marks
9 (3 marks)
r=6.37x10°+3.0x 10°=6.67 x 10°m B1
5 A’
T = M M1
T = 5420 s = 90.4 minutes Al
Answer: 90.4 minutes 3 marks
10 (4 marks)
5, _ GM _1_,_ GMm
(@ v = KE=5mv"=— M1
=221x10"J Al
Answer: 2.21 x 10'°J 2 marks
(b) GPE = =M™ = _4.42 x 1013 B1
Total = KE + GPE = —2.21 x 10'° J Al
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Answer: GPE = —4.42 x 10" J, total = —2.21 x 10*°J 2 marks

11 (3 marks)
r T

T2 « I‘S, 0 r_IIE - (%)2/3 M1 M1

re =422 x 10° x (390)?° = 671 x 10°m AL

Answer: 6.71 x 108 m 3 marks
12 (4 marks)

(a) V i SO Ve = M M1

AR TE

=4390ms™! Al

Answer: 4390 m s* 2 marks

(b) T o r¥2 M1

Te _La2_nm_

T, =3%=33=520 Al

Answer: 33 =5.20 2 marks
13 (3 marks)

Total energy E= — G';Arm; as E decreases (becomes more negative) the orbital radius r must El

decrease

GM . .

v=\/T,soasmaIIerrad|usg|vesalarger speed El

The gravitational potential energy falls by twice as much as the kinetic energy rises, the difference El

being lost to the air

Answer: Energy loss makes E more negative, sor decreases, v = W’GTM then increases 3 marks
14 (6 marks)

(a) MM _ o2 M1

r2
_ 2 GM _ 4o

= SO 2 = ? M1
5 4m?r®
T = M Al
2,3
Answer: T2 = 42—|\/|r 3 marks
2
(b) o =9.91 x 107 & m™ B1
T =19.91 x 107 x (1.0 x 107)° M1
=9960 s Al
Answer: 9.91x 107> m™3 T = 9960 s 3 marks
15 (6 marks)

(a) Each star moves on acircle of radius % B1

GM? _ »d
7 - Mw5 M1 Al

» _ 2GM _2m _ d?
_T’SOT_F_ZH 2GM Al
d3
Answer: T = 2n SGM 4 marks
B (1.0 x 1013

(b)T= ZH\/z x 6.67 x 1071 x 2.0 x 10% M
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=1.22 x 10" s= 141 days Al

Answer: 141 days 2 marks
16 (6 marks)

— 6 — r’

@r=667x10°m,T= ZH]/G—M M1 Al

=5420s Al

Answer: 5420 s 3 marks

(b) The satellite gains one revolution on the point: ﬁ.—n - .Zr—n = ZTH M1

s E

1_1 1

T~ 5424~ ge2x10° M

T=5790s Al

Answer: 5790 s 3 marks
17 (7 marks)

_ 4?r®

@M = oT? M1

_ 4m® x (2.0 x 108)3 _ 25

T 867X 10 x (BOX 1007 1.89 x 10~ kg M1 A1

Answer: 1.89 x 10%® kg 3 marks

GM

0)g=—2z M1

=1.40N kg™* Al

Answer: 1.40 N kg™ 2 marks

(ov= @ M1

=9180 ms™* Al

Answer: 9180 m s™* 2 marks
18 (5 marks)

Increasing the speed increases the total energy of B, so its orbit radius increases El

At alarger radius the orbital period islonger (T? « r®) and the speed is lower than before El

So B falls behind A rather than catching it El

B should first slow down, moving to alower orbit with a shorter period, so that it gainson A El

When B is close to A it should speed up again to return to the original orbit El

Answer: Speeding up raises B into a larger orbit with a longer period, so it falls behind; B should dropiasa lower or bi
19 (5 marks)

GMm GMm , 1 1

@ KE=T,SOAKE=T(I,—2 - r_l) M1

=—195x 10" Al

Answer: —1.95 x 10'° J (a decr ease) 2 marks

_ GMm _GMm,1 1

(b)E——T,SOAE—T(r—l—r—Z) M1

=1.95x 10" J Al

Answer: 1.95 x 10'° J (an increase) 2 marks

(c) Theincrease in the potential energy (twice the increase in total energy) is greater than the El

energy supplied, so kinetic energy falls
Answer: Potential energy increases by 3.89 x 10'° J, more than the total energy gain, so kinetic ener gy fallis
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20 (7 marks)
(a) VZZGTM,soKE: Gl;/:m M1 AL
_ GMm GMm _  GMm
Totel = —5— - —— = 2r Al
Answer: E = — Gl;/:m 3 marks
(b) Escape requires %mv2 = GMTm oV = 1/ ZEM M1
= \/E X GTM Al
ANSWES : Vg = {2V grpic 2 marks
(© Av=(/2 — v =(y2 — 1) x 7540 M1
=3120ms™? Al
Answer: 3120 ms™* 2 marks
21 (7 marks)
(@ w= \/Gr—';/l M1
w,=108x103rads™, wy =6.31x 10" *rad s* Al1A1l
Answer: w, =1.08x 103 rad s}, wz = 6.31 x 10™*rad s7* 3 marks
(b) A gains 21 radians on B: (w, — wg)t =211 M1
_ 21 _ 4
1= Lo =107 - 6atox 107 _ M 10°s AL
Answer: 1.41 x 10* s 2 marks
(c) Agansmradianson B: (wy — wg)t =11 M1
t=7040s Al
Answer: 7040 s 2 marks
22 (9 marks)
(@ 3M xr; =M xr,withry +r,=d M1
_d __3d
rl - Z, I’2 - T Al
. d .. 3d
Answer: Heavier star: z; lighter star: x 2 marks
(b) The line joining them always passes through C, so they have equal angular speeds E1
For the lighter star, G'3d“§' M o~ Mw? x 37? M1
» _ AGM
W=7 Al
Answer: w? = 43—2/' 3 marks
- Vi_h_1
(c)v—roo,sov—z—rz—3 B1
Answer: 1: 3 1 mark
(d) w? = 4GM _ 4x 667 x 10" x 2.0 x 10¥ "
RE (3.0 x 1013
T=20=447%107s AL
=1.41 years Al
Answer: 1.41 years 3 marks
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23 (6 marks)
GMm . 4
(@~ = mw’R with M = z1IR%p M1
5 _ GM _ 4uGp
w" = ? = 3 M1
_ 2 _ 3 _ |3o
T=% =276 =\op A
Answer: T = 2—1:) 3 marks
_ 3n
(b)T= \/6.67 x 107 x 5500 M
= 5070 s = 84.5 minutes Al
Answer: 84.5 minutes 2 marks
(c) M « R® while the gravitational field strength at the surface « % « R, and the centripeta E1l
acceleration w?R « R, so R cancels
Answer: Because w? = 4HGp: the radius cancels 1 mark
24 (8 marks)
(@) KE = Gl;/l_rm x % so doubling r halves the KE E1
AKE = —Gz/l—rm= —2.84x 10" M1 AL
Answer: —2.84 x 101 J 3 marks
_ GMm _ GMm GMm _ GMm
(b) GPE = —— S0 AGPE = TR T M1
=5.69 x 101 J Al
Answer: 5.69 x 10'°J 2 marks
() AE = AKE + AGPE = 0™ = 2,84 x 10 J AL
Answer: 2.84 x 10 J 1 mark
(d) The work done by the engine increases the total energy by me B1
Gravity does negative work, raising the potential energy by % which is more than the energy El
supplied, so the kinetic energy falls
Answer: The potential energy rises by twice the energy supplied, so kinetic energy falls 2 marks
25 (8 marks)
(a) Initial energy = —GMTm + %m(wR)z, final energy = —% M1 M1
wR=463ms™* Al
Energy supplied = GM m(% - %) — %m(ooR)2 =278x10"J Al
Answer: 2.78 x 10° J 4 marks
(b) Non-rotating: 2.79 x 10%° J M1
Saving = 0.308% Al
Answer: 0.308% 2 marks
(0) Orbital speed = = 7440 m s M1
(i) 7440 — 463 = 6970 m s™%; (i) 7440 + 463 = 7900 m s+ Al
Answer: (i) 6970 m s™%; (i) 7900 m s™* 2 marks
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26 (9 marks)
(a) Angular momentum: v'r = v, SOV, = \:_r
1o, GM_1 , GM .. _3GM
Energy: 5v = 5Va P , with v =5
— oy 3 _ 3 1
Putr,.j—)\r.z—l_m_X
1_ 3 1 . 5 ~ ~
—Z—m—xglves}x —4A+3=0,s0(A—1)(A—-3) =0

A =1istheburst point, sor,=3r=2.1x 10" m
Answer: r,=21x10"m

. v
(b) v, = 5 =13
=3080ms*

Answer: 3080 m s™!

(c) Semi-major axisa= - +23r =2r,50 T « a®2 gives T = 5830 x 2%2
Half of this: 8250 s
Answer: 8250 s

27 (12 marks)

(a)v:\/@

v, =7730ms™t v, =3070 ms™?
Answer: Parking: 7730 m s™%; geostationary: 3070 m s~

(b) VeI, = Val,

1

1, GM_1 ,i,° oM

2°P -2 r,2 ry

15T = fa— T

Ve ( iz ) = GM( . )
2GMr

Vp? 2

Vp=1.02%x10*ms™t v, =1600 ms™?

Answer: vp=1.02x 10*ms™, v, =1600m s™*

(c) Avp=1.02 x 10* — 7730 =2430 ms™*

Av, = 3070 — 1600 = 1470 m s™*; total = 3890 ms™*

Answer: Avp =2430m s, Av, = 1470 m s7%, total 3890 m st
fp+ra

(d)a= ‘55— =244x 10’ m
Time= 1T =m-& =100x10*s=528h
Ime—2 =1II ™M — S=0o. ours

Answer: 1.90 x 10* s (5.28 hours)

28 (12 marks)
2
a) zach rorce asmagnltu e ——, a tothelineto
(a) Each force h 'dG;\f 30° to the line to O

2 2
Resultant = 2 x Ga'\f x cos 30° = \/5622

2
Answer: \/5622

(b) Distance from a vertex to the centre of an equilateral triangle =

Sl
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a
Answer: —=
V3
GM?2 _ > a
(© ‘/§ 2z VW g
, _ 3GM
w? ==
Answer: w? = 3G§/|
a
(d)T= =21 3GM

=3.97 x 107 s=1.26 years
Answer: 1.26 years
2 2
e eedofeachstarvzzwzi:% so total KE = 3><—M x GM _ 3CM”
3 a 2a
GM?

Total GPE = —3

g 3GM® _ 3GM® _ _3GM®
T 2a a 2a

3GM?
2a

Answer: E = —

29 (12 marks)
(a) Rate of loss of energy = force x speed = kmv?, so % = —kmv?®

t
d_E GMm dr
dt 2r2 dt

a2 GM , 3,
@ = ~amm < km(=—)

= —2k\/GM

Answer: dt 2k\/GMr

(b) [ r¥2dr = —2k/GM [ dt
2(fr, = yrg) = —2k/GM t

t= fo =yl
Y

—4r
AnSNer:tzM

M
©t= _ 16.80 x 10° — /6.60 x 10°

1.0 x 1072 x {/3.98 x 10"
=1.94 x 10° s= 22.4 days
Answer: 22.4 days

(d)yv= W’GTM increases as r decreases

The gravitational potential energy decreases by twice the amount that the kinetic energy increases,

so the total energy decreases

Answer : v=\fGTM increases asr decreases; the fall in GPE exceedstherisein KE
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30 (12 marks)
GMM
©) % =Mw?R M1
GM
2= Rss Al
., _GMg
Answer: w* = R3 2 marks
. _ GMg
(b) The Sun attracts P towards the Sun with force per unit mass R=x?" and the Earth attracts P B1
. , GMg
away from the Sun with force per unit mass —;
The resultant provides the centripetal acceleration w?(R — x) of P, which has the Earth's angular M1
speed
Substituting w? from (&) gives the required equation Al
A ~ GMg GMg  GM¢R —X) )
nswer: R =) Z E 3 marks
1 X\ _ 1 2x
© &/ X)z—@(l—ﬁ)zz—zmﬁ) w1
GMS GME _ GMg
R2 (1 R)_ 2 ~ R? (1 ) M1
3GMx  GMg
R X Mt
RM
3 E
X° = M Al
A s ROMg
nswer: X° = STS 4 marks
M
(d) X = R(zp0)"® = 1.50 x 10" x (1.00 x 107" M1
S
=150 x 10°m Al
& =001, which s small E1
Answer: x = 1.50 x 10° m; x/R = 0.01 3 marks
Motion Under Variable Gravity
1 (2 marks)
Force = kx—';n and at x = R the acceleration is g, so k = gR? M1
2
Acceleration = gxiz Al
2
Answer: @ 2 marks
X
2 (3 marks)
1, 8
EV =X +C M1
v:O,x:Z:C:—4,soatx:1,%v2:4 M1
v2= Al
Answer: v =8 3 marks
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3 (2 marks)
dzx dv _dv  dx
T Tk Cd M1
_ . Qv
=V A1
Answer: a= V% 2 marks
4 (2 marks)
1 1
vZ= Zng(ﬁ — -gr) =OR M1

V= \/9.8 x 6.37 x 10° = 7900 m s * Al

1

Answer: 7900 m s~ 2 marks

5 (2 marks)
=u - L= M1
v=y X Al

a

Answer 2; 2 marks

6 (2 marks)
w? = g,soT-%I=2n\/§ M1
=5070s Al
Answer: 5070 s 2 marks

7 (4 marks)
gx g;,SOZV gRZ+C M1
x:R,VZ:%:C—ﬁ—gR——¥ M1 Al
v=0:gTRZ=wTR,x R sohe|ght-——2.12><106m Al
Answer: = =212 x 10°m 4 marks

8 (4 marks)
gx gX_RZZ, %v2=gTR2+C;v=Oatx=4RgivesC=—¥ M1 AL
A'[X:RZ%VZZQR—¥:¥ M1
R —gesoms AL
Answer: @ 9680 m s™* 4 marks

9 (4 marks)
%vz = gTRZ +C M1
Atx=37R,v2=gR:%gR=ZQ’TR+C,soC=—% M1 A1
V:O:gTRZ:%,sox:GR Al
Answer: 6R 4 marks
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10 (4 marks)
Wk 1o ko
Vi = e dives 3vi =5 M1
a0 yv—ac-_K
v=0,x=a C= 2 Al
2_ogt_1
Vo= 2k(x a) Al
a 4 1, 6k 6k
Atx:Z:VZ:ZK(E—E):E,sov: = Al
R e e A ’G_k
Answer: v = 2k(; a)’ Vi3 4 marks
11 (4 marks)
(@ a=9.8ms2 B1
Answer: 9.8 m s™2 1 mark
(b) a= 22 M1
=245ms? Al
Answer: 2.45m s2 2 marks
(c)a= % =0.612ms? Al
Answer: 0.612 m s™2 1 mark
12 (4 marks)
1 ,_ gRrR?
EV = +C M1
X =R, v = 8000 C = 3(8000)° — gR M1
2
v=0 B =R - 32x107=304% 10, s0x =131 x 10" m AL
Height =x — R=6.70 x 10° m Al
Answer: 6.70 x 10° m 4 marks
13 (5 marks)
dv d, 1
@a=vg = —X(§v2) M1
_d N
—&(18+12x ) = v Al
Answer: a= —% 2 marks
(b)v2=36+6=42,s0v=648ms! M1 AL
_ 12 -2
a=—4g = 0.75ms Al
Answer:v=648mst a=—-0.75ms™? 3 marks
14 (6 marks)
dv k . 1 k
(@) vy =~z gives V2= 5z +C M1
—0x=agcC=—_K
v=0,x=aC= 2 M1
1 1
v2 = k(? - ;) Al
Answer: vZ = k(i - i) 3 mark
. - X2 a2 marks
M1

(b)S|oeed=&?,sot:£a —
= %[—W]Oa M1
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= W Al
A G
nswer: W 3 marks
15 (6 marks)
(a) vﬂ:—ﬁ giv&%vzz—gRlnx+C M1
XxX=R,v=uC= u+gRInR M1
vZ=u? - 2gR In(ﬁ) Al
Answer: v? = u? — ZgR In(%) 3 marks
(b)v=0: In(R) =5 M1
x =Re"?=165R Al
Answer: Re’?=1.65R 2 marks
2
(c) For any u, v2 becomes zero at In(%) = zlég_R’ afinite distance El
Answer: v? reaches zero at a finite x for every u 1 mark
16 (7 marks)
dx g
(@ F = —ﬁX M1
Thisis of the form X = —w?x with w? = %, S0 SHM Al
. R
Period = 21'1\/; =5070s Al
Answer: SHM with period 5070 s 3 marks
(b) vﬂ = —gx givesv? = g(R2 - x?) M1
Atx—Rv—2\/3g =6840 ms™? Al
Answer: 6840 m s™* 2 marks
(c)x:Rcoswt;x:OWhenwt:% M1
_Io /R _
t= 7\/; =1270s Al
Answer: 1270 s 2 marks
17 (5 marks)
(@ f —gR*(R+h)?dh=gR?(R+h)™*+C M1
The student has left the power as 2 instead of integrating to power —1, so Line 2 should read %vz Al
__OR*
(R +h) +C
1oo_ _gR*
Answer: 5V RN +C 2 marks
(b)h=0: 3gR=gR+C s0C=—B M1
gR? QR -
V= O(R+h) ,SOR+h=2R M1
h=R Al
Answer: h=R 3 marks
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18 (6 marks)
(a) %vz— i +C,withx=R,v=u M1
1, __OR?
iu —0gR= m M1
1 _ 1 U2 _ -7
m—ﬁ—ﬁ—lﬁ?xlo Al
Height = X, — R =4.25x 10° m Al
Answer: 4.25 x 10° m 4 marks
2
(b) g—g =1.23 x 10° m B1
Gravity weakens with height, so the true deceleration is less than 1.62 and the projectile goes El
higher
Answer: 1.23 x 10° m; real gravity weakens with height 2 marks
19 (6 marks)
(a) dt = —Aw sin wt + Bw cos wt M1
d?x 2 2 o 2
?=—Aw cos wt — Bw* sin wt = —w*X Al
Answer: x = A cos wt + B sin wt is a solution 2 marks
(b) x(0) =R givesA =R B1
%X(O)=Ogivest=O,soB=O B1
Answer: A=R,B=0 2 marks
_1 _ o
(© coswt = 5, S0 Wt = = M1
_Io /R _
t= §\/; =844s Al
Answer: 844 s 2 marks
20 (6 marks)
@ EV + C M1
V:Oatx:SR:C:—%;v:uaIx:R:%uzzgR—% M1 Al
_ [4R
=13 Al
Answer: u = g 4 marks
(b)u=9120ms™?* B1
N O _ 12 _
Fractlon—\/;vﬁ—\/;—OBlG B1
Answer: 9120 m s™*, which is 0.816 of the escape speed 2 marks
21 (9 marks)
@ > 1=k + C M1
= 2(; — 3) AL
1
L2 — 4 _ 4
Answer: v° = 2k(X a) 2 marks
(b) Speed = 22~ M1

t=f Vzk(a Xy %= F.E \/(a dx AL
Answer: t =\/;£ ]’m dx 2 marks
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(© (af—x) =cot 6 and dx = —2acos 0 sin 6 dO

a X _ (U2 >

j; [CEE0) dX—L 2acos™ dO

— ™ _ma _|a _ma_m|a
—a_£ (1+C0529)d9_7’90t_‘/ﬂXT‘T’W

3
- -21/_3
Answer: t = 57

(d)k=133x10"m3s2

o [ (150 x 10™)°
2 2k
Answer: 64.8 days

t= =5.60 x 10° s = 64.8 days

22 (7 marks)
(a) The thin ellipse has length 2s = a at itslongest, so s =

=21 @ =21 a
2%GM ~ | 8GM
as I

a
2

Time of fall = ~ = o
imeottal =75 =Igsm = 2\ 26M
3
m| a
AnSNer?m

o / (3.84 x 10%)°
(B)t=7 2x398x 10"

=4.19 x 10° s= 4.85 days
Answer: 4.85 days

3
(c) Circular period = 211 2

GM
o 1
Ratio 5 s
Answer: 1: 42
23 (9 marks)

1 ,_ (3R gR?

(a)§V —‘£ 7dX

- Rty R gryl _ Ly 2R
_gR[ ;]R _gR(ﬁ 3R)_ 3
- |49R

VY3

AnSNer:wfg

(b) Inside: 5.2 = 3v2+ [* L o

_20R , gR
=3 T

_ /79R
Ve={"3"
709R
Answer: wng

(€ v.=121x10*ms™*
Answer: 1.21 x 10*m st
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24 (8 marks)
2
(a) Newton's second law: 2000a = 4.0 x 10* — % M1
2
a= VS—‘X =20 - gxiz Al
2

Answer: ng =20- g% 2 marks
1 V2= 2 1

(b) =20h — gR (ﬁ - m) M1 M1

5

=20 10° — 98 % 637 x 10° x 20— =104 x 10° AL

v=1440ms™! Al

Answer: 1440 m st 4 marks

(©) 3v* = (20 — 9.8) x 10°, v = 1430 m 5" M1

Error = —0.734% Al

Answer: 1430 m s™%, an error of —0.734% 2 marks

25 (8 marks)
(a) Attraction to B (towards +x) M )2, attraction to A (towards —x): % M1
. 1

Net acceleration = GM((a_ 92 " (ar x)2) Al

Answer: a= GM((a_ )2 - (ajx)z) 2 marks
dv 1 1 1 1 2GMa

(b)V—:GM( —X)z_(a+X)2)50 v2 = +a+x)+C:m+C M1 Al
2, v=0:C= —% M1

4
2 _ _

Ve = 4GMa(az —Z " 3% Al

Answer: v = 4GMa( 2 i - % 4 marks
2_ 16 _ 4,_4GM 20

(v = 4GMa(7a12 3a2) == X7 M1

_ | 80GM Al
| 2la

A . |80GM
nswer: 1a 2 marks

26 (7 marks)

1 2 1
(@ 5v°=gR*(z3z — 3R) M1 AL
6
v2 = %,SOVZ\‘/ZXL62 x31_74>< 10° ~ 1370 m s Al
Answer: 1370 m s™* 3 marks
b) Work-energy from to R: 0 — —mv = ng2 - Fx R M1 M1
R 3R 2

FR _ mgR , mgR _ 4mg

7 =3 T3 0F=73 Al
F= 222002102 - 5400 N AL
Answer: 5400 N 4 marks
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27 (12 marks)
3
(a)g—;:—gsinnandﬁz\/g(l+cosn) M1 M1
%:3; = g}; snn= 25|n( )cos( yand1+cosn = 2cosz( =) M1

= \/7t ( )= \/7tan( =) Al
Answer: dt —\/7 ( ) 4 marks

dx_ d  dx dt
(b) dt2 dn(dt)_ dn

= _\/gx— (5 )—(2\/7 cosz(%)) M1

M1

= —% sec“(E) Al
X = acosz(ﬂ), S0 % = % sec“(%), as required Al
Answer: 3)2( = —% 4 marks
(c)x—Owhenn—n M1

t= \f \’ Al
Answer: 2\! oK 2 marks

(d)x:gwhencosnzo,n:% M1

/a3 I
t= @(7"'1) Al

3
Answer: %(% +1) 2 marks
28 (11 marks)
(a) The force has magnitude % directed along PO, wherer = OP B1
The angle between PO and PM has sine ? so the component along the tunnel is % X ? M1 Al
Answer: % towards M 3 marks
d’s _ g
(b) F = —ﬁs M1
\/7 period 21'1\/7 which does not involve d Al
Answer: Period 211\/; 2 marks
(c) At M the gravitational forceis m—gd towards O, perpendicular to the tunnel M1
Normal reaction = ——, directed away from O Al
Answer . mgd 2 marks
. _ 5 _ _ 5 9.8 _ 1
(d) Amplitude = 1.7 x 10° m, SO V5 = Aw = 1.7 x 10° X \/—6.37 105 - 211ms M1 A1
Time = half aperiod = H\/; 2530 s (42.2 minutes) M1 A1
Answer: Maximum speed 211 m s™%; time 2530 s (42.2 minutes) 4 marks
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29 (10 marks)
(a) v%:—an,so;vz— ngfn_lln +C M1 AL
x:R,v:u:Cziuz—ng_R1 M1
vi= s )T - A1
Answer: vZ=u? + nZERl[( 't — 1] 4 marks
(b)Asx—>oo,(Y)”‘l—>Oforn>1 M1
Sov? - u? — %, and the particle never stops if thisis not negative Al
Answer: Escape speed squared = 29R1 2 marks

(©) n=2:42gR; n=3: {gR B1B1

Forn=1, vﬂ = gR givesv? = u? — 2gR In( ), which becomes zero at afinite x for any u El
Answer: n=2: \/ZgR; n=3yogR; for n=1, v reaches zero at a finite distance for every u 3 marks
(d) The force falls off more quickly with distance when n = 3, so less work needs to be done El
against it to reach infinity

Answer: Gravity weakens faster for n = 3, so less energy is needed 1 mark

30 (12 marks)
(a) Each of A and B attracts P with acceleration GMyz, the components perpendicular to OP M1 Al
. GM y
cancel; each has component along PO of —— x
a+y \/a2 +y?
_ 2GMy
Total = @y Al
. 2GMy
Answer: m 3 marks
(b) For y small compared with a Ztg =~ —22—3My M1 A1
» _ 2GM o a’
W ==, period = 211 SGM Al
3
Answer: Period = 211 SGM 3 marks
dv _ 2GMy 1, 2GM
(© de @+y)?2 20 T2 +y? +C MLAL
Aty=-5,v=0,y{a+y? = %E M1
1 2 L
Aty =0: Evz =2GM(35 — E)’ giving the result Al
L2_4GM 2
Answer: v* = — (1 \/_) 4 marks
2

(d) SHM: V2 = w?(y)? = 2o x & = S0 M1
Exact v2 = 0.4223 T’ approximate O.SG7M: error = 18.4% Al
Answer: Exact 0.4223 GM/a, SHM 0.5 GM/a: the SHM model over estimates v by 18.4% 2 marks
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