AQA A-Level Physics: Gravitational Fields
— Complete Calculation Solutions

Praneel Physics

. Calculate the gravitational force between two 5 kg masses separated by 2 m. (P)

Working and Answer:

Solution:

F— Gm1m2

7"2
(6.67 x 1071 N m?*kg?)(5 kg)(5 kg)
(2 m)?
~ 1.6675 x 10 N'm?
4 m?2
=417 x 107" N

The gravitational force is [4.17 x 1079 N |.




. Determine the gravitational field strength at Earth’s surface (mass = 5.97 x 10 kg,
radius = 6.37 x 10° m). (P)

Working and Answer:

Solution:

GM
7“2
(6.67 x 10~ N m*kg ?)(5.97 x 10*! kg)
(6.37 x 106 m)?
398199 x 10" N m’kg ™"
B 4,058 x 1013 m?2
~ 9.81 N/kg

g:

The gravitational field strength is |9.81 N/kg|.




3. Calculate the gravitational potential at 10,000 km from Earth’s center. (P)

Working and Answer:

Solution:

GM
V="t

.
(6.67 x 107" N-m’kg ?)(5.97 x 10** kg)
1% 107 m
3.98199 x 10™ N m?kg™*
a 107 m
~ —3.98 x 107 J/kg

The gravitational potential is | —3.98 x 107 J/kg |.




4. A satellite orbits Earth at 7,000 km from center. Calculate its orbital speed. (P)

Working and Answer:

GM
U=y —
Vo
) \/ (6.67 x 10~11 N m?kg2)(5.97 x 1024 kg)
7 x 106 m
= 1/5.688 x 107 m2/s?
~ 7.54 x 10° m/s = 7.54 km/s

Solution:

The orbital speed is | 7.54 km/s |.




5. Calculate escape velocity from Mars (mass = 6.39 x 10?® kg, radius = 3.39 x 10° m). (P)

Working and Answer:

Solution:
2GM
Vesc =
.
B \/2(6.67 x 10~ N m?kg2)(6.39 x 1023 kg)
B 3.39 x 106 m

= /2514 x 107 m2/s?
~ 5.01 x 10* m/s = 5.01 km/s

The escape velocity is [5.01 km/s|.




6. A satellite of mass 200 kg is in circular orbit 500 km above Earth. Calculate its total
energy. (PP)

Working and Answer:

Solution:
Step 1: Calculate orbital radius

r = Rparn + B = 6.37 x 10° m + 5 x 10°> m
=6.87 x 10 m

Step 2: Calculate total energy

GMm
o
~(6:67 107" N m’kg?)(5.97 x 10* kg)(200 kg)
2(6.87 x 106 m)
7.966 x 10" N m?
1374 x 107 m
~ —5.80 x 10° J

F =

The total energy is | —5.80 x 10° J |




7. Calculate energy needed to move 50 kg from Earth’s surface to 1,000 km altitude. (PP)

Working and Answer:

Solution:
Step 1: Identify radii

ri = 6.37 x 10° m
re =6.37 x 10 m +1 x 10° m = 7.37 x 10° m

Step 2: Calculate energy difference

AE = GMm (1 _ i)

r T

1 1
= (6.67 x 107)(5.97 x 10**)(50 ( — >
(66710797 x WO\ G 375705 ~ 737 % 108

=1.992 x 10'°(1.569 x 107"~ 1.357 x 1077)

=1.992 x 10'%(2.12 x 107%)
~4.22 x 10% ]

The required energy is |4.22 x 10% J |




8. Two stars (each 2 x 100 kg) orbit with separation 1.5 x 10" m. Find orbital period.
(PP)

Working and Answer:

Solution:
Step 1: Calculate reduced mass system

M, M. 2 % 1030)2
1My (2% ):1><1030kg

B M, 4% 10%

Step 2: Calculate period
3
G(M; + M)

(1.5 x 1011)3
(6.67 x 10~11)(4 x 1030)

3.375 x 103
—om oo
2.668 x 1020
— 27v/1.265 x 103

A 2.24 x 107 s ~ 259 days

The orbital period is | 259 days |.

T =2m

=27




9. Calculate gravitational potential difference between 8,000 km and 12,000 km from Earth’s
center. (PP)

Working and Answer:

Solution:
Step 1: Calculate potentials

GM (6.67 x 10711)(5.97 x 10%*) .
Vi = - _ ~ —4.98 x 10" J/k
! " 8 x 106 % /ke
GM (6.67 x 10711)(5.97 x 10%*)
Vo= — =— ~ —3.32x 10" J/k
2 Ty 12 x 100 x /ke

Step 2: Find difference

AV =V, — Vi = (=3.32 4 4.98) x 107
=1.66 x 10" J/kg

The potential difference is |1.66 x 107 J/kg|.




10. Find point between Earth and Moon where net gravitational field is zero. (PP)

Working and Answer:

Solution:
Step 1: Set fields equal
GMg  GMy
2 (d—x)?
597 x 10**  7.35 x 10*
2 ©(3.84 x 108 — )2

Step 2: Solve for x

3.84 % 108 —2\*  7.35% 10?2
597 x 102

X

3.84 x 108
SO X T ~01l

T
_3.84 % 10°

~ ~ 34 108
T 1111 3.46 x 10° m

The zero point is |3.46 x 10 m | from Earth’s center.
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11. A satellite is in elliptical orbit (eccentricity = 0.6, semi-major axis = 8 x 10° m). Calculate

speeds at perigee and apogee. (PPP)

Working and Answer:

Solution:
Step 1: Find orbital distances

rp=a(l—e)=8x10%1 —0.6) =3.2 x 10° m
re =a(l+e) =8x10°1+0.6) = 1.28 x 10" m

Step 2: Calculate specific angular momentum

h=+\/GMa(l — €?)

= 1/(6.67 x 10-11)(5.97 x 1021)(8 x 105)(1 — 0.36)

=1/2.035 x 102

~ 4.51 x 10" m?/s

Step 3: Compute speeds

b CASLXA0T i 4 10% s = 14.1 ki)
v,=—=——-—=1. m/s = 14.1 km/s
P, 3.2x 106

h o 451 x 101 ,
Vg = 7“7(1 = m ~ 3.52 x 10 m/s = 3.52 km/s

14.1 km/s| at perigee and |3.52 km/s|at apogee.

The speeds are
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12. Calculate total energy to assemble three 100 kg masses at vertices of 1 m equilateral
triangle. (PPP)

Working and Answer:

Solution:
Step 1: Calculate single pair potential

U Gmime (6.67 x 10_11)(100)(100)
12 = — LS
T 1

= —6.67x1077J

Step 2: Account for three pairs

Usotal = 3U12 = 3(=6.67 x 1077)
=-2.00x107%J

Step 3: Interpretation The negative sign indicates the system is bound.
The energy required to assemble it is ’ 2.00 x 107 J ‘
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13. A spacecraft uses Hohmann transfer between Earth and Mars orbits. Calculate required

Av’s. (PPP)

Working and Answer:

Solution:
Step 1: Orbital parameters

r1 = 1.50 x 10" m (Earth)
ry = 2.28 x 10" m (Mars)

n ;“ —1.80 x 10" m

a =

Step 2: Initial and transfer velocities

(6:67 x 10-11)(1.99 x 10%)
N 1.50 x 1011

= 29.8 km/s
2 1
Utransferl = \/GM (T - CL) =32.7 km/s
1

Avy=32.7—29.8 =29 km/s

Step 3: Final adjustment
GM

T2

2 1
Utransfer2 = \/7GM <’f’ — a) =21.5 km/S
2

Avy =24.1 —21.5 = 2.6 km/s

=24.1 km/s

Vo =

2.9 km/s|and [2.6 km/s |

The required velocity changes are
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14. Calculate gravitational potential energy of uniform Earth-mass sphere. (PPP)

Working and Answer:

Solution:
Step 1: Potential energy of shell For a thin shell of mass dm:
JU — ~ 3GM(r)dm
or

Step 2: Integrate over entire sphere

3
U=—-=
5
16 5 5 Ry
——157er/07'd7"

/R G <§7rr3p) (472 pdr)
0

r

Step 3: Final calculation
16 , , R
2GR
5P

3G M?
— ~—224%10% ]
5R

U:

~92.24 x 10** J|.

The gravitational potential energy is
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15. Derive orbital velocity expression and calculate speed in elliptical orbit. (PPP)

Working and Answer:

Solution:
Step 1: Total energy expression
o lmUQ _ GMm _ _GMm
2 r 2a

Step 2: Solve for velocity
vi=GM (2 — 1)

r a

Step 3: Calculate for given parameters For » = 6 x 10° m and
a =8 x 10°% m:

2 1
v — \/(667 % 10711>(597 X 1024) <6 » 106 £~ ] x 106>

= 1/3.982 x 1014(2.92 x 10-7)
~ 7.82 km/s

The orbital velocity is |7.82 km/s|.
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16. Using Gauss’s law for gravity, derive field inside/outside uniform shell and calculate at

r=R/2 and r = 2R. (PPPP)

Working and Answer:

Solution:
Step 1: Gauss’s law formulation

}{ g dA = — 471G Mo

Step 2: Outside the shell (r > R)
g(4mr?) = —4nGM

Step 3: Inside the shell (r < R)
Mpe=0=9=0

Step 4: Specific calculations At r = R/2:

GM
Atr:2R:g:% Vil
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17. Derive Roche limit expression and calculate for Earth and satellite (p = 3000 kg/m?).
(PPPP)

Working and Answer:

Solution:
Step 1: Balance tidal and self-gravity forces
2GM,,R Gm
@ R

Step 2: Express in terms of densities

2G (37 R pm) R G (47R%p)
g SR

Step 3: Solve for distance

1/3
2
d=R <'0m>
p

Step 4: Calculate for Earth

2 x 5515\ /3
d = (6.37 x 10°) <%>

~18x%x 10" m

The Roche limit is [ 1.8 x 107 m .
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18. Calculate gravitational wave luminosity of binary neutron star system. (PPPP)

Working and Answer:
Solution:
Step 1: Quadrupole formula

32 G4 (m1m2)2(m1 + mg)
Low = =5 ;
C a

Step 2: Plug in parameters For m; = my = 1.4M,,, a = 20 km:

32(6.67 x 1071)* (1.4 x 1.4 x 1.99 x 10%)%(2.8)
5 (3x108)5 (2 x 10%)5

Step 3: Compute value
L~12x10" W

The luminosity is|1.2 x 10°° W |.
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19. Derive Mercury’s precession rate and calculate per century. (PPPP)

Working and Answer:

Solution:
Step 1: GR correction to potential

oS )

r r2c?

Step 2: Calculate precession per orbit

6rGM
a(l —e?)c?

Ap =

Step 3: Plug in Mercury’s parameters

67(6.67 x 10711)(1.99 x 10%°)
(5.79 x 1010)(1 — 0.2062)(9 x 1016)
~ 5.02 x 107 rad/orbit

Ag =

Step 4: Convert to arcseconds/century

A¢ = 43 arcseconds/century

The precession rate is |43 arcseconds/century |.
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20. Calculate tidal force on 1 kg at Earth’s surface due to Moon. (PPPP)

Working and Answer:

Solution:
Step 1: Tidal force formula

2GM,, R
Fiiqal & TE
Step 2: Plug in values

e 2(6.67 x 1071)(7.35 x 10%2)(6.37 x 10°)
B (3.84 x 108)3

Step 3: Compute result
F~110x107°N

The tidal force is |1.10 x 107 NW.
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21. Using GR, derive Schwarzschild radius and calculate for 10 solar mass black hole. (PPPPP)

Working and Answer:

Solution:
Step 1: Schwarzschild metric

d32:—(1—2GM>c2dt2+~-

c2r

Step 2: Identify singularity

2GM 2GM
X =0=r,=——

1
c2r c?

Step 3: Calculate for 10M

~2(6.67 x 107M)(10 x 1.99 x 10%)
e (3 x 105)?

2,65 x 10

 9x 1016

~29.5 km

The Schwarzschild radius is [29.5 km |.
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22. Derive Lane-Emden equation and solve numerically for n = 1 mass-radius relation.

(PPPPP)

Working and Answer:

Solution:
Step 1: Hydrostatic equilibrium

dP GM (r)
ar P
Step 2: Mass continuity
C;Af = 47r7’2p
Step 3: Polytropic relation
P = Kpiti/n

Step 4: Dimensionless form

Step 5: Solution for n=1

w0

—-

=
782"

The solution is |0(§) =

Iy
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23. Calculate Chandrasekhar limit for white dwarfs (u. = 2). (PPPPP)

Working and Answer:

Solution:
Step 1: Electron degeneracy pressure

B2 5/3
P~ —4 ( P )
Me \ feMyp

Step 2: Balance with gravity

GM?Nh?< M )5/3

R* T om, femy R3

Step 3: Solve for mass

2
2

Step 4: Final calculation For . = 2:

MCh ~ 1.44 M@

The Chandrasekhar limit is [1.44 M |.
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24. Derive gravitational lensing deflection and calculate for light grazing Sun. (PPPPP)

Working and Answer:

Solution:

Step 1: Null geodesics in Schwarzschild
d*u N 3GM
—4u= U
dg? c?

Step 2: First order solution

4GM

A
9 c2b

Step 3: Solar deflection

4(6.67 x 10711)(1.99 x 10%°)
(3% 108)2(6.96 x 108%)

= 8.48 x 107° rad

~ 1.75 arcseconds

Ag =

The deflection angle is ’ 1.75 arcseconds ‘
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25. Using virial theorem, derive and calculate virial temperature for solar mass protostar.

(PPPPP)

Working and Answer:

Solution:
Step 1: Virial theorem

2(K) = =(U)
3 GM?
SNKT = -7

Step 2: Solve for temperature

GMpum
T — P
5kR

Step 3: Calculate for parameters

(6.67 x 10~11)(1.99 x 103°)(0.6)(1.67 x 10~%7)
5(1.38 x 10-2%)(1012)

T —

~ 1,028 K

The virial temperature is| 1,928 K |.
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