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Exercise 1 Solutions

1. We’ll start by considering construction of a conventional orrery, showing the Solar sys-
tem. Suppose we wanted to do so, and to make the planets and the Sun to scale. To
set the scale, consider making the sphere representing the Sun 1 cm in radius. On this
scale, what size spheres should we use for the planets (Mercury, Venus, Earth, Mars,
Jupiter, Saturn, Uranus, Neptune)? How far should the most distant planet (Neptune)
be from the Sun?

Solution:

The first step is to look up planetary radii and distances from the Sun. From http:

//nineplanets.org, these are as follows (note that the website gives diameters, so
I’ve divided by 2 to get radii):

Object Radius (km) Semi-major axis (AU)
Sun 6.95× 105 –
Mercury 2.44× 103 0.38
Venus 6.05× 103 0.72
Earth 6.38× 103 1.00
Mars 3.40× 103 1.52
Jupiter 7.15× 104 5.20
Saturn 6.03× 104 9.54
Uranus 2.56× 104 19.22
Neptune 2.48× 104 30.06

To get the size of a planet on a scale where the Sun is 1 cm in radius, we just have
to multiply 1 cm by the radius of the planet divided by the radius of the Sun. For
example, for Mercury we do:

rMercury,orrery = rSun,orrery
rMercury,real

rSun,real

= 1 cm× 2.44× 103 km

6.95× 105 km
= 0.0035 cm.

Repeating this procedure for all the other planets, we get

Object Radius in orrery (cm)
Sun 1.0000
Mercury 0.0035
Venus 0.0087
Earth 0.0092
Mars 0.0049
Jupiter 0.1029
Saturn 0.0868
Uranus 0.0368
Neptune 0.0357
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To get the distance of Neptune from the Sun on this scale we use the same method,
but we multiply 1cm by Neptune’s semi-major axis over the Sun’s radius. The only
complication that comes in is that we have to convert to common units

aNeptune,orrery = rSun,orrery
aNeptune,real

rSun,real

= 1 cm× 30.06 AU

6.95× 105 km

= 1 cm× 30.06AU× 1.5× 108(km/AU)

6.95× 105 km

= 1 cm× 4.509× 109 km

6.95× 105 km
= 6488 cm

= 64.88 m

Thus to construct an orrery where the planet radii and semi-major axes were to scale,
and the Sun was 1 cm in radius, the smallest planet (Mercury) would have to be 0.0035
cm, or 35 microns, in size, about the width of a fine human hair, and just at the edge
of being microscopic. The most distant planet (Neptune) would have to be about 65
meters away from the Sun. This is why we do not build orreries where the planet radii
are to scale.

2. Suppose that we forget about having the planets be the right size, and we instead just
worry about getting the distances between them right. Let’s set the scale by placing
the Sun and the Earth 10 cm apart. How big will the orrery have to be in order to ac-
commodate the orbit of Neptune, the most distant planet? How far will the innermost
planet (Mercury) be from the Sun? If we also want to put in the Earth’s Moon, how
far from the Earth will it have to be?

Solution:

This is just another scaling exercise, and can be handled in the same manner as the
previous problem. To find the Neptune-Sun distance in the orrery, we just take 10 cm
and scale by the Neptune-Sun distance in reality divided by the Earth-Sun distance in
reality:

aNeptune,orrery = 10 cm
aNeptune,real

aEarth,real

= 10 cm× 30.06 AU

1 AU
= 300.6 cm = 3.06 m.

The distance from Mercury to the Sun can be found by the same technique:

aMercury,orrery = 10 cm
aMercury,real

aEarth,real

= 10 cm× 0.38 AU

1 AU
= 3.8 cm.
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For the Earth-Moon distance, we look up a distance of 3.84 × 105 km from nineplan-
ets.org, and do the same calculation, with the extra step of converting between km
and AU:

aEarth−Moon = 10 cm× 3.84× 105 km

1 AU
= 10 cm× 3.84× 105 km

1.5× 108 km
= 0.026 cm.

Thus accommodating Neptune would require a pretty big orrery (about 20 feet wide),
but not so big as to be unreasonable to construct. One could also fit in Mercury, at
3.8 cm from the Sun. On the other hand, the Moon would be pretty tough to squeeze
in, since it would have to be only 0.026 cm from the Earth. This is why orreries that
include the Moon tend to stop at Mars, and not include any of the more distant planets.

3. Now let’s think about constructing a more modern orrery, one that doesn’t show just
the Solar system, but also includes all the stars within 10 ly of the Sun. You can find
a list of these stars are http://en.wikipedia.org/wiki/List_of_nearest_stars.
Let’s set the scale by placing the outer edge of the orrery 1 m from the Sun; this will
represent a distance of 10 ly from the Sun. On this scale, how far from the Sun should
the Earth be? Neptune?

Solution:

This is the same scaling problem, except now we’re scaling so that 1 m corresponds
to 10 ly. We’ll use the ly to AU conversion in the cheat sheet. On this scale, the
Earth-Sun distance is

aEarth−Sun,orrery = 1 m× aEarth−Sun,real

10 ly

= 1 m× 1 AU

10 ly

= 1 m× 1 AU

6.3× 105 AU

= 1.6× 10−6 m

= 1.6 micron.

For Neptune the result is

aNeptune−Sun,orrery = 1 m× aEarth−Sun,real

10 ly

= 1 m× 30.06 AU

10 ly

= 1 m× 30.06 AU

6.3× 105 AU

= 4.8× 10−5 m

= 48 micron.
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For comparison, this makes the Earth-Sun distance too small to be seen with the naked
eye (about the size of a bacterium), and the Sun-Neptune distance about the width of
a human hair.

4. Consider an orrery that is big enough to encompass the Milky Way Galaxy. We will
place the Milky Way’s central black hole at the center, and place the Sun 1 m away.
The Sun’s true distance to the central black hole is about 8 kpc. How far apart with
the balls representing the Sun and the nearest other star (Proxima Centauri) be on
this scale? If we take the distance between the Sun and Proxima Centauri as a typical
interstellar distance, roughly how many balls are we going to need to place in a 1 cm3

region centered on the Sun if we want to represent all the stars in the corresponding
region of the Galaxy?

Solution:

From the list of nearest stars, the Sun and Proxima Centauri are 4.24 ly apart. To get
this distance on a scale where 8 kpc corresponds to 1 m, we just need to multiply. As
with other problems, we need to be careful about unit conversions. In this case, we’ll
convert everything to pc.

rSun−PC,orrery = 1 m× rSun−PC,real

rSun−GC,real

= 1 m× 4.24 ly

8 kpc

= 1 m× 4.24 ly(3.3 pc/ly)

8000 pc
= 0.00016 m

= 0.16 mm

Thus the Earth and Proxima Centauri would be 0.16 mm apart in this orrery. If this is
a typical interstellar distance, then we should expect to fit about 1 cm/0.016 cm = 623
stars per cm in each direction. Thus a box 1 cm on a side would contain approximately
6233 ≈ 2.4× 108, or 240 million, such balls.

5. On the Galactic scale orrery, suppose we wanted to make the Sun move in its orbit
around the Galaxy. The Sun’s speed relative to the center of the Galaxy is roughly 200
km/s. How long does it take the Sun to go once around the Galactic center? Suppose
that we wanted to turn the crank at a speed so that the Sun completed one full orbit
every minute. If we wanted to include a ball representing the Earth on this orrery, and
have it revolve too, how long would it take the Earth to go around the Sun on this scale?

Solution:
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The first step is to figure out how far the Sun has to travel to complete an orbit around
the Galaxy. The path is roughly a circle, so the distance is

dorbit = 2πr = 2π(8 kpc) = 50.3 kpc.

To get the time required to complete an orbit, we divide this distance by the Sun’s
speed:

torbit =
dorbit

v

=
50.3 kpc

200 km/s

=
50.3 kpc× (1000 pc/kpc)/(3.1× 1013 km/pc)

200 km/s

= 7.8× 1015 s

= 7.8× 1015 s/(365.25× 24× 60× 60 s/yr)

= 2.5× 108 yr,

or roughly 250 million years. To find out how long it would take the have the Earth
go around the Sun, we scale the times in exactly the same way we’ve been scaling
distances:

tEarth,orrery = 1 min× tEarth,real

tSun−Galaxy,real

= 60 s× 1 yr

2.5× 108 yr

= 2.4× 10−7 s

= 0.24µs

Thus it would take the Earth 0.24 microseconds to go around the Sun in this orrery.

6. Consider an orrery big enough to reach to extragalactic scales. The Andromeda Galaxy
is 0.77 Mpc away. If we construct an orrery in which the centers of the Milky Way
and Andromeda are placed 1 m apart, how far from the Milky Way center will the ball
representing the Sun be? If we wanted to make the ball representing the Sun to scale
in this orrery, how big would it have to be? For comparison, an atom is ∼ 10−10 m in
scale, and an atomic nucleus is ∼ 10−15 m.

Solution:

Scaling using our standard formula, the Sun-Galactic Center distance in the orrery is

dSun−GC,orrery = 1 m× dSun−GC,real

dMW−Andromeda,real

5



= 1 m× 8 kpc

0.77 Mpc

= 1 m× 8 kpc

770 kpc
= 0.010 m

= 1.0 cm.

Thus the Sun would be 1 cm from the center of the Milky Way on this scale. The
radius of the Sun is

rSun,orrery = 1 m× rSun,real

dMW−Andromeda,real

= 1 m× 6.95× 105 km

0.77 Mpc

= 1 m× 6.95× 105 km

7.7× 105 pc× (3.1× 1013 km/pc)

= 1 m× 6.95× 105 km

2.3919 km
= 2.9× 10−14 m.

Thus the Sun would have to represented by a ball about the size of an atomic nucleus.
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