Advanced Higher Physics

Past Paper Questions

1.4 Gravitation
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4. The NASA space probe Dawn has travelled to and orbited large asteroids in

the solar system. Dawn has a mass of 1240 kg.

The table gives information about two large asteroids orbited by Dawn. Both
asteroids can be considered to be spherical and remote from other large

objects.
Name Mass (x10°kg) Radius (km)
Vesta 2-59 263
Ceres 9-39 473

(a) Dawn began orbiting Vesta, in a circular orbit, at a height of 680 km above
the surface of the asteroid. The gravitational force acting on Dawn at this

altitude was 24-1 N.

(i) Show that the tangential velocity of Dawn in this orbit is 135ms™".

(i) Calculate the orbital period of Dawn.

(b) Later in its mission, Dawn entered orbit around Ceres. It then moved
from a high orbit to a lower orbit around the asteroid.

(1) State what is meant by the gravitational potential of a point in space.

(i) Dawn has a gravitational potential of —1-29 x 10*Jkg™" in the high
orbit and a gravitational potential of —3-22 x 10* Jkg™" in the lower

orbit.

Determine the change in the potential energy of Dawn as a result

of this change in orbit.

5. Two students are discussing objects escaping from the gravitational pull of

the Earth. They make the following statements:

Student 1: A rocket has to accelerate until it reaches the escape velocity of

the Earth in order to escape its gravitational pull.

Student 2: The moon is travelling slower than the escape velocity of the Earth

and yet it has escaped.

Use your knowledge of physics to comment on these statements.
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3. A spacecraft is orbiting a comet as shown in Figure 3.

The comet can be considered as a sphere with a radius of 2-1 x 10°m and a
mass of 9-5 x 10" kg.

Figure 3 (not to scale)

(a) A lander was released by the spacecraft to land on the surface of the
comet. After impact with the comet, the lander bounced back from the

surface with an initial upward vertical velocity of 0-38 ms™".

By calculating the escape velocity of the comet, show that the lander
returned to the surface for a second time. 4

(b) (i) Show that the gravitational field strength at the surface of the
comet is 1-4 x 107 N kg ™. 3

(1i) Using the data from the space mission, a student tries to calculate
the maximum height reached by the lander after its first bounce.

The student’s working is shown below

v =u’+2as
0=10-38"+2x(-14x107" x5
5=515-Tm

The actual maximum height reached by the lander was not as
calculated by the student.

State whether the actual maximum height reached would be
greater or smaller than calculated by the student.

You must justify your answer. 3
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3. The International Space Station (I155) is in orbit around the Earth.

(i} The gravitational pull of the Earth keeps the 155 in orbit.
Show that for an orbit of radius r the period T is given by the

expression H@."
3
s 40 x10°m
IT'=1x
GM_
where the symbols have their usual meaning. 2

{(ii) Calculate the period of orbit of the I55 when it is at an altitude of
4-0 = 10°m above the surface of the Earth.

(b} The graph in Figure 3B shows how the altitude of the |55 has varied over

time. Reductions in altitude are due to the drag of the Earth's

atmnsuhnirg actine on the 155.
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(i} Determine the value of Earth’s gravitational field strength at the
155 on 1 March 2014,

{ii) In 2011 the average altitude of the 155 was increased from 350 km
to 400 km.

Give an advantage of operating the 155 at this higher altitude.

(c} Clocks designed to operate on the 155 are synchronised with clocks on
Earth before they go into space. On the 155 a correction factor is
necessary for the clocks to remain synchronised with clocks on the
Earth.

Explain why this correction factor is necessary.
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5. A team of astrophysicists from a Scottish University has discovered, orbiting a
nearby star, an exoplanet with the same mass as Earth.

By considering the escape velocity of the exoplanet, the composition of its
atmosphere can be predicted.

(a) Explain the term escape velocity.

(b) Derive the expression for escape velocity in terms of the exoplanet’s
mass and radius.

(c) The radius of the exoplanet is 1-09 x 10" m.

Calculate the escape velocity of the exoplanet.

Revised 2015

3. (a) Many planets outside the Solar Svstemn have been discovered in recent vears.
These planess are known as exoplanets.

One exoplanee is Gliese 783C. Dawa relating to the circular orbit of
Gliese T83C around its parent sear is shown in Figure 3A.

Gliese T8IC

arbital period 32538 Earth days

"/

P 1M

Mot to scale

(1} Show that the mass M of the parent star can be written as

W = 4t
4 - s Lo I-"
L
where the other symbols have their usual meanings. 2
(ii}) [Determine the mass of the parent star. 2
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(5 Consider the Earth and DMoon as an isolated syseem.

Point X is 3-00 x 10* m from the centre of the Earth as shown in Figure 3.

— .

300 % 10*m i
I
1
1
* O
X

NWoon

Earth Mot to scale

Figure 38

(i} Calculate the magnizude of the resultant force acting on a 2-0kg mass at
piovine 3. 3

(ii) Calculate the gravitational potential at poine X due oo the Eardh. 2

{iii}] By considering its definivion, explain why the gravitavional potential at

any point has a negative valoe. 2
(11)
2015
3. The International Space Station (ISS) is in orbit around the Earth. MARKS
ISS

4-0 x 10°m

not to scale

Figure 3A

(a) (i) The gravitational pull of the Earth keeps the ISS in orbit.

Show that for an orbit of radius r the period T is given by the
expression

r!—

GM,

T'=2n

where the symbols have their usual meaning. 2



(ii)

(b)

altitude (x10°m)

Calculate the period of orbit of the 1SS when it is at an altitude of
4-0 x 10°m above the surface of the Earth.

The graph in Figure 3B shows how the altitude of the ISS has varied over
time. Reductions in altitude are due to the drag of the Earth’s
atmosphere acting on the ISS.
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(i) Determine the value of Earth’s gravitational field strength at the
ISS on 1 March 2014,

(i) In 2011 the average altitude of the ISS was increased from 350km
to 400 km.

Give an advantage of operating the ISS at this higher altitude.

(c) Clocks designed to operate on the ISS are synchronised with clocks on
Earth before they go into space. On the ISS a correction factor is
necessary for the clocks to remain synchronised with clocks on the
Earth.

Explain why this correction factor is necessary.

26 Nov 2014



Revised 2014

4. Cygnus X-1 13 an X-ray source in the constellation Cygnus that astrophysicists
believe contains a black hole. An artst’s impression 1s shown in Figure 4A.

The mass of the black hole has been determined to be 14-8 Solar masses.
(a) (1) State what 13 meant by the Schwarzschild radius of a black hole. 1

(1) Calculate the Schwarzschild radius of the black hole in Cygnus X-1. 3

Past Paper Questions 1.4 Gravitation 7



Traditional 2014

3. A team of astrophysicists from a Scottish University has discovered, orbiting a
nearby star, an exoplanet with the same mass as Earth.

By considering the escape velocity of the exoplanet, the composition of its

atmosphere can be predicted.

(@) (1) Explain the term escape velocity. 1
(n) Derive the expression for escape velocity in terms of the exoplanet’s mass
and radius. 2
(1) The radius of this exoplanet 15 1-7 times that of the Earth.
Calculate the escape velocity of the exoplanet. 3
(b) Astrophysicists consider that a gas will be lost from the atmosphere of a planet
if the typical molecular velocity (v,,,) 1s %n:rr more of the escape velocity for
that planet.
The table below gives v, for selected gases at 273 K.
(sas T (ms)
Hydrogen 1838
Helium 1845
Nitrogen 493
Oxygen 461
Methane H44
Carbon dioxide 393
The atmospheric temperature of this exoplanet 1s 273 K.
Predict which of these gases could be found n 1ts atmosphere. 2

(8)
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Traditional gO 3
JMArrs

3. Planets outside our solar system are called exoplanets.

One exoplanet moves in a circular orbit around a star as shown in Figure 3.
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The period of orbit 1s 14 days. The mass M, of the star1s 1-7 10™ kg.

(a) (1) Show that the radius of the orbit can be given by the relationship

2
P =GM,-L
4n”
where the symbols have their usual meaning. 2

(11) Calculate the radius of this orbat.

(b)) The radius of the exoplanet is 1-2 x 10°m and its mass s 5-4 x 10%kg.
Calculate the value of the gravitational field strength g on the surface of the
exoplanet. 2

(¢) Astrophysicists have identified many black holes in the universe.

(1) State what 1s meant by the term black hole. 1
(i1) A newly discovered object has a mass of 42 x 10" kg and a radius of

2-6 x 10* m.

Show by calculation whether or not this object 1s a black hole. 2

(8)
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Traditional 2012

(a) Show that the gravitational field strength at the surface of Pluto, mass M., is

given by
GM
o = 'b
& 2
,
where the symbols have their usual meanings. 1

(b) Figure 4A shows how the gravitational potential varies with distance from the

centre of Pluto. _ .
Ihstance from the centre of Pluto/10° m

0-00 1-00 2-00 300 400 5-00 600 7:00

Figure 4A

(i) The mass of Pluto is 1-27 x 10%kg. Calculate the gravitational field

strength at the surface of Pluto. 2
(1) A meteorite hits the surface of Pluto and ejects a lump of 1wce of mass
[ & = = v = STh 6 -
112kg. The 1ce 15 captured in an orbit 1:80 % 10"m from the centre
of Pluto. Calculate the gravitational potential energy of the ice at this
height. 2



{¢) In 2015 the New Horzons space probe 15 due to arrive at Pluto. The
space probe will move between Pluto and i1ts moon, Charon, as shown in
Figure 4B. Pluto has a mass seven times that of Charon and their average
separation is 1-96 X 107 m.

] 196x10°m
:
© bt “’
Charon space probe
Pluto
Not to scale
Figure 4B

Calculate the distance x from the centre of Pluto where the resultant

gravitational force acting on the probe 1s zero. Ignore any orbital motion of
the two objects. 3

(8)
Traditional 2011

1. Figure 1A shows a space shuttle shortly after take-off.

(@) Immediately after take off, the vertical displacement of the shuttle for part
of 1ts journey can be described using the equation

AT .
PR |10 L e+

=318 + 411
(1) Find, by differentiation, the equation for the vertical velocity of the
shuttle. 1
(ii) At what time will the vertical velocity be 72ms' 2

(m1) Calculate the verucal hinear acceleration during this nme.

(b) A theory suggests that a burned out star can collapse to form a black hole.
(1) Explain why a black hole appears black. 1
(n) Explain the term escape velocity. 1

(1) Derive an expression for the escape velocity at the surface of a star of
mass M and radius r. 2

(iv) A star collapses to form a black hole of mass 4-58 x 10" kg. Even in

these extreme conditions the expression in part (1) apphes. Calculate
the maximum radius of the black hole. 2

(v) Calculate the minimum density g of this black hole. 3

(13)



Traditional 2010
Marks
J. An Xeray banary system consists of a star in a eircular orbat around a black hole
as shown in Figure 3A.

black hale

star

Figure 3A

The star has a mass of 240 x |ﬂ“k¢ and takes 5-6 days to orbat the black hole.
The orbital radius is 3-6 x 10""m.

{a) Show that the angular velocity of the star is 1-3 x 107 rad 57 1
(&) Calculate the mass of the black hole. 3
ic} (1) Show that the potential energv of the star in its orbat 15 —4-4 = 10* | 1
() Calculare the kinetic energy of the star. 2
{m) Calculate the total energy of the star due to its moton and positon. 1

{d}) The binary svstem orbits in the same plane s an earth-based elescope, as

shown m Figure 3B.

bmary system

telescope

A —

Figure 3B
Laght from the star 13 analvsed and found o contain the emission spectrum
of hydrogen gas. The frequency of a particular hne n the spectrum s
monitored and a pencdic vanation in frequency s recorded.
Explam the penodic vanation m the frequency. 2
(1)



Tradit'fag‘rzﬁls 2009

1. Figure 1A shows a space shuttle shortly after take-off.
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(a) Immediately after take off, the vertical displacement of the shuttle for part
of its journey can be described using the equation

s=3-1+ 411,

(1) Find, by differentiation, the equation for the vertical velocity of the

shuttle.
(ii) At what time will the vertical velocity be 72 ms™? 2
(111) Calculate the vertical linear acceleration during this time. 1

(b) A theory suggests that a burned out star can collapse to form a black hole.

(1) Explain why a black hole appears black. 1

(11) Explain the term escape velocity. 1

(111) Derive an expression for the escape velocity at the surface of a star of
mass M and radius r.

(iv) A star collapses to form a black hole of mass 4-38 x 10°°kg. Even in
these extreme conditions the expression in part (iit) applies. Calculate
the maximum radius of the black hole. 2

(v) Calculate the minimum densiy prof hisblack hale___ 3
(13)
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Traditional 2008

Marks
2. {a) The gravitational field strength g on the surface of Mars is 3- TN kg™
The mass of Mars is 64 x 105 kg,
Show that the radius of Mars &= 3-4 % 10" m. 2
(&) (1) A satellite of mass mr has an orbat of radius K. Show that the angular
velocity e of the satellite 1= given by the expresson
_ M
“Nr
where the symbaols have therr usual meanmgs. 2

() A satellite remauins above the same pomt on the equator of Mars as the
planet spins on its axis.

Figure 4 shows this satellite orbiting at a heght of 1-7 = 10" m above
the Martian surface.

satellite

1-7 % 10°m ﬁ

mol bo scale

Fugure 4

Caleulate the angular velocity of the satellite.
{m) Caleulate the length of one Martian day.

()} The following table gives data about three planets orbeting the Sun.

Planet Radius R of orbit | Orbit period T around
around the Sunf10"m the Sunfyears

Venus 108 0-62

Mars 327 1-88

Jupiter 780 12-0

Use all the data to show that T' is directly proportional to B for these
three planets. 3

14



Traditional 2007

Marks
3. (a) The Moon orbats the Earth due to the gravitational force between them.
(1) Caleulate the magmitude of the gravitational force between the Earth
and the Moon. 2
(u) Hence calculate the tangential speed of the Moon in its orbat around
the Earth. 2
{in) Defme the term grortatiomal polential at a pont 1n space. 1
{iv) Caleulate the potential energy of the Moon in at= orbat. 2
v} Hence calculate the total energy of the AMoon i its orbat. 2
() (1) Denve an expression for the escape velooty from the surface of an
astronomacal body. 2
(1) Caleulare the escape velocity from the surface of the Moon. 2
(13)

Traditional 2006

Marks
3 (&) (1) Srate what is meant by grovitational field strength. 1
{ii) The gravitational ficld strength at the surface of Mars is 37 N kg™
The radius of Mars is 3-4 * 107 km.
(A) Use Mewton's umversal law of gravitation to show that the mass
of Mars 13 ganven by the equation
_ g
M='G
where the symbols have their usual meaning.
{B) Calculate the mass of Mars. 3
(&) A spacecraft of mass 100kg is in circular orbit 300 km above the surfuce of
Mars
{i} Show that the force exerted by Mars on the spacecraft is 31 x 107N, 2
(i1} Calculate the period of the spacecraft’s orbit. 3
(%)
Past Paper Questions 1.4 Gravitation
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Traditional 2005

Marks
(a) (1) A satellite orbits a planet of mass M. The orbital radius of the
satellite s R and the orbiwal period s T
Show that
2 'R
T =—— 2
M
(1) Calculate the time tuken by the Moon to make one complete orbat of
the Earth. 2
(5) A satellite orbits 400 km above the Earth’s surface as shown in Figure 4.
77 x 10 ms™
%ﬂ((’ililt
400 km
~
Figure 4
The satellite has a mass of 900 kg and a speed of 7.7 X 107 ms™".
(i) Show that the potential energy of the satellite is -5-3 x 10""].
(11) Calculate the total energy of the satellite.
(%)

[Turn over



Marks
4. The gravitational pull of the Earth keeps a satellite in a circular orbit.

(a) Show that for an orbit of radius r the period T 13 given by

where the symbols have their usual meanings. 2

(8) A polar orbiting satellite is used to map the Earth by photographing strips
of the surface as it orbits, as shown in Figure 4

satellite orbat

strip B mapped
on second orbit — T———

strip A mapped

Earth's ratation on first orbit

Figure 4

The plane of the satellite orbit is fixed. The Earth rotates and so the
satellite maps a different strip on each orbit,

(1) The satellite orbits at a height of 80 km above the surface of the Earth.
Assuming the Earth to be sphencal, show that the penod of the orbit
is approximately 86 minutes
(i1) The Earth's angular velocity is 7-3 x 107 rads™',
Calculate the distance along the equator between strnips A and B which
are mapped on consecutive orbits, 4

()

Past Paper Questions 1.4 Gravitation 1 7



Traditional 2004

Marks
4. The gravitanonal pull of the Earth keeps a satellite in 2 circular orbit.
(@) Show that for an orbit of radius r the period T is given by
'!
T=2x [~
GM,
where the symbols have their usual meanings 2
(6) A polar orbiting satellite s used to map the Earth by photographing strips
of the surface as it orbats, as shown in Figure 4
satelhite orbat
strip B mapped
on sccond orbit
oo . _ strip A mapped
Earth's rotetion s s
Figure 4
The plane of the satellite orbit is fixed. The Earth rotates and so the
satellite maps a different strip on each orbit,
(1) The satellite orbits at a height of 80km above the surface of the Earth
Assuming the Earth to be spherical, show that the penod of the orbit
is approximately 86 minutes.
(1) The Earth's angular velocity is 7-3 x 107" rads™",
Calculate the distance along the equator between strips A and B which
are mapped on consecutive orbits 4
(6)
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Traditional 2003

ANFErRS
3. (@) Figure 6 shows the Earth and the Moon, not drown to scale.

Copy and complete the diagram to show the shape of the gravitational freld
lines between the Earth and the Moon.

Ml i

Furth

Figure h

(&) Mear the Moon the gruvitatiwmal field can be conssdersd to be radial,
Following a metcorite impact, & rock of mass 15 kg s epected vertically from
the Moon's surface. The rock just resches o pomt P owhich s 540 = 107 m

above the surface of the Moon
The rachus of the Noon = 17 = 11Mm
{1} Calculate the potental energy of the rock
(A) on the surface of the Moon;
(By at pomnt P
()} Hence calculate the kinetic encrgy of the rock as it leaves the surface
of the Moon,

(iiap Calewlare the speed at which the rock s epected from the surface of the

Mo
%)
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Traditional 2002

Marks

3. (@) The gravitational force exerted by the Earth maintains a satellite in a

(6)

(€)

circular orbit of radius r.

By equating the expressions for gravitational force and centripetal force,
show that

3 GM,
- My
4n

where the symbols have their usual meanings. 2
The orbital period of a geostationary satellite is equal to the period of
rotation of the Earth about its axis.
Calculate:

(1) the height of the satellite above the Earth’s surface;

(i1) the speed of the satellite in its orbit. 5
Another satellite is in an orbit of radius 6:7 X 10°m around the Earth. This
satellite is to be boosted to escape velociry.

(1) Explain the term “escape velocity”.

(11) Use the expression

2CM

r

v= J

to calculate the escape velocity. 3
(10)
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Traditional 2001

T T

3. (a) Pallas is an asteroid or minor planet which orbits the Sun between Mars
and Jupiter.

Details of Pallas are given below.
Diameter of Pallas = 522km
Distance from the Sun =414 x 10" m
Mass of Pallas =218 x 10™kg
T'ime to orhit the Sun = 4-61 Earth years

(1) Calculate the gruovitetionsl field strength “g™ at the surface of Pallas

(i) A fumure exploration maght melude putting a spacecraft in orbit
around Pallas. Calculate the perwod of a spacecraft which orbits 10km
above the surface of Pallas. g

() (1) Relativistic mass is given by the equation

I| o
("7
£
where the symbols have their usual meanings.

Calculate the speed a spacecruft would have to resch of its relativiste
miiss were b he ten Dimes greater than s rest moss,

(1) Scence fiction often describes spacecraft reaching speeds greater than
the speed of light. Use the equation 1o show that it is not possible for a
spucecraft to exceed the speed of light. 1
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