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Opening Information

Introduction to Dark Matter
Curriculum Links
Suggested Ways to Use this Package
Teacher Tips

Dark Matter in a Nutshell
A one-page summary of the video’s contents.

Student Activities
These activities can be used individually or in combination 
with others. The material can be adapted to a variety of 
classroom levels and courses. Student activity sheets are 
included on the DVD-ROM in an editable electronic format 
so you can adapt them to your classroom.

Predict, Observe, Explain Demonstration: Uniform Circular Motion
This demonstration utilizes a typical uniform circular motion 
apparatus to introduce students to the concept of dark 
matter.

Hands-on Demonstrations: Gravitational Lensing 
These demonstrations use simple objects to model 
gravitational lensing.

Activity 1: Video Summary 
A set of discussion questions that review the content of the 
video.

Activity 2: Key Concepts 
A question sheet that allows students to dig deeper into the 
material both numerically and conceptually.

Activity 3: Gravity and Orbital Motion
An activity where students use stretchy spacetime fabric 
and a variety of balls to model orbital motion.

Activity 4: Dark Matter within a Galaxy 
Students use real data to explore the confl ict between what 
is expected and what is observed.

Activity 5: Advanced Mathematical Analysis
An enrichment/extension activity for stronger students.

Activity 6: Dark Matter Lab 
Students use a typical uniform circular motion apparatus to 
explore the connection between orbital speed and central 
force.

Video Chapter Summaries
This section provides additional background information on 
the content of the video, as well as further topics to extend 
the video. Questions are anticipated and clear, concise, 

and accurate information is provided.

Activity Solutions

Closing Information
Who are the people in the video?
Appendix A: Raw Data for Orbital Speeds of Stars in 
                     Triangulum (M33)
Appendix B: Dark Matter Equations and Constants
        Credits
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For thousands of years, astronomy has been about light. 
Astronomers have studied light from distant stars, galaxies, 
planets, and other objects in space. However, over the last 
few decades, physicists have come to realize that celestial 
objects that emit any type of light make up only a tiny 
fraction of the universe.

The rest of the universe is made of unseen material that does 
not emit, refl ect, or absorb any type of electromagnetic 
radiation. This “dark matter” dominates galaxies, making up 
about 90% of the mass of every galaxy in the universe. 
Without it, galaxies (including our own) would rotate much 
more slowly than they do.

As well as being one of the most important topics in physics 
today, the subject of dark matter is also very accessible. This 
package introduces dark matter using the concepts of uni-
versal gravitation and uniform circular motion. It is aimed at 
senior high school students and the only equations needed 
to understand the material presented are:

Introduction

The video begins by explaining how even though 
physicists cannot see dark matter, they can see its effects on 
the speeds of stars within galaxies. It then describes existing 
theories about what dark matter is made of and fi nishes by 
outlining various current experiments to detect dark matter 
on Earth. These experiments are so crucial to our 
understanding of the universe that the fi rst team to succeed 
will likely win the Nobel Prize.

Dark matter is often confused with dark energy. There is no 
known connection between the two phenomena. Dark matter 
explains the excess gravitational force observed around 
galaxies. Dark energy describes the negative pressure 
pushing the universe apart at an ever increasing rate.

This resource is the culmination of a year-long process 
involving teachers, physicists, students, and fi lm-industry 
professionals. All of the material presented has been class-
room tested on multiple occasions. We trust you will fi nd this 
resource a useful addition to your senior physics course.

The ATLAS detector at the Large Hadron Collider (LHC) experiment at CERN.
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Topic Connection to 
Dark Matter

Relevant 
Materials

Orbital Motion Planets orbit around the Sun in a predictable way. Planets that are farther away 

travel more slowly than planets that are nearby.

Activity 1: Video Summary

Activity 2: Key Concepts

Activity 3: Gravity and Orbital Motion

Video Chapter: 1, 2, and 3

Uniform circular 

motion

One of the strongest pieces of evidence for dark matter comes from the orbital 

speeds of stars in uniform circular motion. 

Activity 1: Video Summary

Activity 2: Key Concepts

Activity 3: Gravity and Orbital Motion

Activity 4: Dark Matter within a Galaxy

Activity 6: Dark Matter Lab

Predict, Observe, Explain 

Demonstration

Video Chapter: 1, 2, and 3

Universal gravitation As we cannot see dark matter, we only know of its existence via its gravitational 

effects.

Activity 1: Video Summary

Activity 2: Key Concepts

Activity 3: Gravity and Orbital Motion

Activity 4: Dark Matter within a Galaxy

Predict, Observe, Explain 

Demonstration

Video Chapter: 1, 2, and 3

Two-dimensional 

collisions

A number of experiments are underway worldwide to try to detect dark matter 

particles in rare elastic collisions with atomic nuclei. 

Activity 2: Key Concepts

Activity 5: Advanced Mathematical 

Analysis

Video Chapter: 7

Nature of science There are a number of competing theories about what dark matter is made of. 

Some physicists do not even think dark matter exists.

Activity 1: Video Summary

Activity 2: Key Concepts

Video Chapter: 7

Mathematical

relationships

The relationship between the speed of a star and the mass of the galaxy within 

the radius of its orbit is

Physicists use this relationship to help infer the existence of dark matter. 

Activity 2: Key Concepts

Activity 4: Dark Matter within a Galaxy

Activity 5: Advanced Mathematical 

Analysis

Activity 6: Dark Matter Lab

Video Chapter: 2 and 3

Gravitational Lensing Mass warps spacetime. Light passing through warped spacetime is defl ected, 

revealing the presence of unseen mass.

Activity 5: Advanced Mathematical 

Analysis

Hands-on Demonstration

Video Chapter: 5

Curriculum 
Links
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Suggested Ways to 
Use this Resource

In designing this package, we have tried to provide you with 
fl exibility and choice. In addition to a classroom video and a 
series of hands-on demonstrations, the package includes six 
student worksheets. We encourage you to choose those that 
best suit your needs and to modify any of the worksheets as 
you see fi t (editable electronic copies can be found on the 
DVD-ROM).

Outline for One Period

Predict, Observe, Explain Demonstration (5-10 minutes)
Use the uniform circular motion demonstration to connect 
mass and speed.

Video (25 minutes)
Chapter breaks facilitate pausing for review and discusison.

Activity 2: Key Concepts (15-20 minutes)
Using A, B, C, D fl ip cards or whiteboards will facilitate 
discussion of this review.

Homework: 
Activity 1: Video Summary

Outline for Two Periods

First Period

Activity 6: Dark Matter Lab
Students explore how the speed of an orbiting object 
depends on the mass of the central body.

Second Period

Predict, Observe, Explain Demonstration (5-10 minutes)
Use the uniform circular motion demonstration to connect 
mass and speed.

Video (25 minutes)
Chapter breaks facilitate pausing for review and discussion.

Activity 2: Key Concepts (15-20 minutes)
Using A, B, C, D fl ip cards or whiteboards will facilitate 
discussion of this review.

Homework: 
Activity 4: Dark Matter within a Galaxy

Teacher Tips

The 30-minute video has been divided into scenes based on 
curriculum topics. The video can be viewed in one continu-
ous showing or in parts, according to your preferences. 

The following suggestions are the product of many 
experienced teachers using this resource with their students. 
We are confi dent that these activities will challenge and 
inspire your students to explore the mystery of dark matter. 
Each activity can be used individually or in combination 
with others.

Dark Matter in a Nutshell

This one-page summary of the concepts addressed in the 
video can be used as a primer to introduce your students to 
the topic or as a review sheet to consolidate the information.

Predict, Observe, Explain Demonstration: Uniform 
Circular Motion

Predict, Observe, Explain (POE) demonstrations have the 
teacher soliciting predictions and explanations on paper or 
whiteboards before doing the demonstration. After observing 
the action, students examine their predictions to identify 
misconceptions they might have. Peer instruction is 
encouraged at this stage to allow students an opportunity 
to consolidate learning.

This demonstration utilizes a typical uniform circular motion 
apparatus to introduce students to the concept of dark matter.  
It begins with the relationship between the speed of the 
orbiting rubber stopper and the mass of the suspended 
washers. Once this relationship has been fi rmly established 
the concept is extended to astronomy where the speed of 
orbiting planets is used to measure the mass of the Sun and 
where the speed of orbiting stars is used to measure the mass 
of the galactic centre. 
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Teacher Tips 
continued

Hands-On Demonstrations: Gravitational Lensing

These demonstrations use simple objects to model 
gravitational lensing. An inverted saucer and tape are used to 
model the defl ection of light by the Sun. The tape 
represents the light from a distant star that travels straight on 
a fl at surface but bends as it passes over the curved surface 
of the saucer. Care must be taken that the tape is pressed 
on as smoothly as possible throughout the activity. The base 
of a wineglass acts as a lens distorting the image of circles 
drawn on the page. Students observe a set of circles from 
various angles to explore the possible outcomes. Notice that 
the arcs produced by the glass are very similar to 
those found in astronomical images.

Activity 1: Video Summary

A question sheet designed to encourage student dialogue. 
Students can work independently, in pairs, or participate in 
larger group discussions. Using feedback devices like fl ip 
cards or white boards will allow the teacher to gauge how 
well concepts were received.

Activity 2: Key Concepts

This question sheet allows the student to dig a little deeper 
into the material both numerically and conceptually. 

Activity 3: Gravity and Orbital Motion

In this POE activity students use stretchy ‘spacetime’ fabric 
and a variety of balls to model orbital motion. The fabric 
that works best is fairly thick and stretchy in all directions; 
it is sold at most large fabric stores as swimwear or active 
wear. Get square pieces that are as large as possible, ideally 
at least 1.5 metres in side length. Trap a small object in the 
centre of the square to give you something to grip. Assorted 
small smooth balls like marbles, mouse balls, or ball bearings 
are used for the planets. Avoid billiard balls (too heavy) and 
ping pong balls (too light). The fabric is stretched evenly with 
one person pulling the centre down to form an indentation. 
Students explore the variables involved in orbital motion – it 
is imperative that students make concrete predictions before 
the exploration. We want students building mental models 
about motion, not just playing around. 

Activity 4: Dark Matter within a Galaxy

In this data analysis activity, students use orbital speed data 
from galaxy UGC 11748 to explore the confl ict between what 
is expected and what is observed. Students calculate and 
plot the expected orbital speeds of several stars, based on 
their distance from the centre of the galaxy, and compare 
that to the actual observed orbital speeds of those stars. 
The rotational curve that they generate in this activity is 
essentially the same as the one that Vera Rubin produced 
for Andromeda. Note that these calculations are very 
sensitive to signifi cant digits so answers might vary 
depending on what methodology you employ.

Activity 5: Advanced Mathematical Analysis

An enrichment/extension activity that contains material that 
is beyond the standard high school curriculum but within 
the ability of stronger students. For a more detailed discus-
sion about the defl ection angle equation, check out Einstein 
Online: http://www.einstein-online.info/spotlights/equiva-
lence_light

Activity 6: Dark Matter Lab

In this lab activity, students use a typical uniform circular 
motion apparatus to explore the connection between orbital 
speed and central force. Students develop a mathematical 
model based on the analysis of the free-body diagrams and 
then test it against experimental data. The model is then 
applied to determine the mass of a suspended object by 
measuring orbital speed. Having established that the mass 
of the central object can be determined using orbital speed, 
students examine astronomical data to determine the mass 
of the Sun and inner galaxy. 
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• In 1967, Vera Rubin observed that stars within the 
Andromeda galaxy had higher-than-expected orbital 
speeds. 

• Physicists have also observed the same phenomenon 
in the nearby Triangulum galaxy.

• By measuring the orbital speeds of stars within 
Triangulum and using the formula 

physicists have calculated that the mass of this galaxy 
within a radius of r = 4.0 × 1020 m is equivalent to 
46 billion Suns.

• However, by measuring the brightness of 
Triangulum, they have also calculated that its mass 
within a radius of r = 4.0 × 1020 m is equivalent to 
7 billion Suns.

• The discrepancy between these two results implies 
that there is 39 billion Suns of unseen mass within 
Triangulum. 

• This unseen mass is called “dark matter.”

• Physicists have observed many other galaxies and 
most are now convinced that, on average, dark matter 
accounts for 90% of the mass of every single galaxy in 
the universe.

• Physicists also have independent evidence for the 
existence of dark matter from observations of distorted 
images of distant galaxies (gravitational lensing). 

• Although no one knows what dark matter is made of, 
physicists currently have a number of theories.

• One of the earliest theories of dark matter was that 
it consists entirely of compact celestial objects such 
as planets, dwarf stars, and blackholes. Careful 
observations have ruled out this theory. 

• Most physicists today think that dark matter is made 
of a type of subatomic particle called a WIMP that, to 
date, has never been detected in the laboratory.

• Numerous experiments that are trying to detect one of 
these particles are currently underway worldwide.

• Dark matter is not related to dark energy. Dark energy 
refers to a mysterious mechanism pushing the universe 
apart.

Dark Matter
in a Nutshell

The Andromeda galaxyMass-Luminosity Relationship Black hole
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Figure 1  Centripetal motion apparatus. 

Figure 2  Set the orbital radius by 

adjusting the speed of the stopper so 

that the paper clip lies just below the 

bottom of the tube.

Although dark matter is a very abstract topic, some of the basic concepts underlying the 
evidence for its existence can be explained via concrete, hands-on demonstrations. This 
demonstration uses the centripetal motion apparatus illustrated in Figure 1 to connect the 
speed of orbiting objects with the mass of the object they orbit around. 

The apparatus consists of a rubber stopper tied to the end of a piece of string. The string 
passes through a narrow glass or plastic tube and a number of washers are attached to the 
other end of the string. A paper clip (or equivalent) is attached part way along the string and 
is used to establish that the forces acting along the string are balanced, as described below.

To use the apparatus, hold the tube vertically, attach the paper clip to the desired location 
along the string, and swing the stopper so that it moves in a horizontal circle. Changing the 
speed of the stopper will alter its orbital radius and thus the height of the paper clip. Adjust 
the stopper’s speed so the paper clip stays about 1-2 cm below the tube, as in Figure 2. As 
long as the paper clip stays at the same height we know the forces acting on it are balanced 
and that the radius and speed of the orbiting object are constant. 

The following demonstration makes students consider the forces at work in the centripetal 
motion apparatus and lead to the connection between orbital speed and the central force. 
The key points are:

• the force acting on the rubber stoppers is generated by the weight of the washers
• higher orbital speeds require greater force
• orbital speed can be used to determine the mass of suspended washers

Once the connection between orbital speed and the mass is established it can be extended: 
the orbital speed of planets can be used to determine the mass of Sun and the orbital speed 
of stars can be used to determine mass of galaxies.

The demonstration follows a Predict, Observe, and Explain format. Students predict what will 
happen, explain why they think that, observe what does happen, and explain any 
discrepancies from their prediction. Whiteboards, or similar medium, can be used to make 
predictions, elicit explanations and facilitate peer dialogue. It is crucial for student compre-
hension that they formulate, communicate and critique their predictions and explanations.

Observe the rubber stopper moving in a horizontal circle at constant speed.

(a) Draw the free-body diagram for the suspended washers. Compare and discuss with your neighbors.

(b) Which of the following free-body diagrams best represents the forces acting on the rubber stopper?

Predict, Observe, Explain Demonstration
Uniform Circular Motion

| Predict, Observe, Explain
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(c) Predict what will happen to the paper clip if we double the number of suspended washers but keep everything else the 
same. Explain.

(d) Observe and explain any differences between your observations and your prediction. 

(e) Predict what would need to change to keep the paper clip where it was initially. Explain.

(f) Observe and explain any differences between your observations and your prediction. 

(g) Two systems are identical, except one has twice as many suspended washers. Predict what you will observe when LEDs   
  are attached to the rubber stopper and set into uniform circular motion with the lights off. Explain.

(h) Observe and explain any differences between your observations and your prediction. 

Predict, Observe, Explain |
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Analysis of Astronomical Observations:

(a) Use Newton’s law of universal gravitation, his second law of motion and an equation for centripetal acceleration to 
develop an expression for the mass of the Sun using planetary orbits.

(b) The Earth orbits the Sun at a distance of 1.5 x 109 m. Determine the mass of the Sun.

(c) The Sun orbits around the galactic centre at a distance of 2.56 x 1020 m once every 200 million years. Determine the mass 
of the galactic centre.

(d) How confi dent are you that the physics describing the motion of a rubber stopper on a string can be extended to systems 
as large as galaxies? Discuss.

| Predict, Observe, Explain
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Hands-on Demonstration |

One of the key pieces of observational data pointing to dark matter is 
gravitational lensing. According to Einstein’s general theory of relativity, mass 
warps spacetime and light that passes through warped spacetime will change 
direction. Careful observations of distant objects have produced very detailed 
maps of the distribution of dark matter. 

1. Light is defl ected by massive objects.

Use the masking tape to show how light travels from a distant star. Take a 
50 cm long piece of masking tape and press about 20 cm of it on the table—
keeping it as fl at and smooth as possible. Place the edge of the inverted 
saucer in its path, as shown below. Carefully press the rest of the tape so it 
travels smoothly onto the edge of the saucer, along the surface of the saucer 
and then off onto the table again.

(a) Draw the path of the light on the diagram below. Place the Earth at the end of the path.

(b) Place your eye at page level at the end of the tape and look back along the path of the light. Where would you think the 
star was? Draw this on the diagram.

(c) The bending of light was fi rst observed during a solar eclipse in 1919. Why did this observation have to take place during 
a solar eclipse?

2. Objects viewed through warped space will be distorted. 
Place a wineglass over each of the circles below. Move it around slightly while observing the circles through the base of the 
glass. Sketch the images you see.

3. Astronomical observations point to unseen mass.
View the excellent simulation of gravitational lensing found at the University of Hawaii’s Institute for Astronomy website: 
http://www.ifa.hawaii.edu/info/press-releases/Bolton7-08/lensing_animation.html

Sketch what a distant galaxy looks like when there is a large mass between us and the galaxy.

Hands-on Demonstrations
Gravitational Lensing

COSMOS 3D dark matter map
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1. Which of the above graphs best shows the v against r relationship for planets orbiting the Sun?

    a)  A           b)  B             c)  C                         d)  D

2. Which of the above graphs best shows the v against r relationship observed for stars orbiting the centre of 
 a galaxy?

    a)  A           b)  B             c)  C                         d)  D

3. Physicists can calculate the mass of the Sun using their measurements of the radius of:

 a) the Sun and the Sun’s speed

 b) the Sun’s orbit and the Sun’s speed

 c) a planet and the planet’s speed

 d) a planet’s orbit and the planet’s speed

4. When astronomers measure the mass of the galaxy Triangulum using the Brightness Method the result they get is much 
less than when they measure the mass using the Orbital Method. This fact can best be explained by the fact that

 a)  the stars in Triangulum are made of lighter elements than those in the Sun.

    b)  the Orbital Method underestimates the mass of Triangulum.

    c)  Triangulum contains a large amount of unseen mass.

    d)  Triangulum contains only mass that emits visible light.

5. Observations that indicate the presence of dark matter have been made in

    a)  only the Andromeda and Triangulum galaxies.

    b)  only the Andromeda, Triangulum, and Milky Way galaxies.

    c)  every galaxy that has been examined for dark matter.

    d)  many, but not all, galaxies that have been examined for dark matter.

v v v v

r r r r

Activity 1
Video Summary

NAME :

| Activity 1
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Activity 1 |

6. Evidence for dark matter comes from observations of

    a)  the orbit of the Moon around Earth and gravitational lensing. 

    b)  the orbits of stars and gravitational lensing.

    c)  the orbit of the Moon around Earth and the orbits of stars.

    d)  the orbits of stars, the orbit of the Moon around Earth, and gravitational lensing.

7. The mass found by gravitational lensing agrees with the amount of mass found by:

 a) orbital methods

 b) brightness methods

 c) both methods

 d) neither method

8. Dark matter is called “dark” because it 

    a)  only emits high-energy radiation such as X-rays and gamma rays.

    b)  only emits low-energy radiation such as microwaves and radio waves.

    c)  refl ects light but does not emit other radiation like stars do.

    d)  does not emit or refl ect any type of radiation or light.

9. Most physicists think that most dark matter is made of

    a)  WIMPs or axions.

    b)  brown dwarf stars.

    c)  black holes or planets.

    d)  stars like the Sun.

10. Which of the following is true?

    a)  Physicists know exactly what dark matter is made of.

    b)  Physicists have no idea what dark matter is made of.

    c)  Only some physicists know what dark matter is made of.

    d)  Physicists have some ideas about dark matter, which they are currently testing by experiments.
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Useful formulas

1. Mars orbits the Sun in uniform circular motion. The radius of Mars’ orbit is 2.28 × 1011 m and its orbital speed is 
2.41 × 104 m/s.

 a) Draw the free-body diagram for Mars and use it to derive an expression for the mass of the Sun in terms of Mars’ 
    orbital speed, the radius of its orbit, and the universal gravitational constant.

 b) Use the expression derived in part a) to determine the mass of the Sun.

2. The plot below relates the orbital speed of the planets to the radius of their orbits.

 a) What is the force that keeps the planets in their orbits?

 b) Why do the “outer” planets travel slower than the “inner” planets?

 c) Rearrange your answer to 1a) to fi nd the equation for the graph above.

2.28 x 1011 m

Sun Mars

Activity 2
Key Concepts

NAME :

| Activity 2

v

r
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3. Astronomers have studied galaxy UGC 128 for many years. They have measured its brightness and calculated that the 
mass of stars within a radius of 1.30 × 1021 m is 3.34 × 1040 kg. Stars orbiting at this radius has been measured travelling at 
a speed of 1.30 × 105 m/s. What percentage of the mass within this radius is dark matter?

4. In rural Minnesota, U.S.A., there is a dark matter detector known as the Cryogenic Dark Matter Search (CDMS) located 
700 m underground in an abandoned mine. It involves a number of 250 g crystals of germanium (Ge) that are cooled down 
to just above absolute zero (–273 °C).

 According to the weakly interacting massive particle (WIMP) theory of dark matter, billions of WIMPs from outer space are 
raining down on Earth each second. Although they typically pass through solid objects as if they are not there, there is a 
very small chance that a WIMP will collide with a nucleus of an atom within any material it happens to pass through.

 As a result, at CDMS there is a very small probability that a WIMP will collide with the nucleus of a germanium atom within 
the detector, as illustrated below:

a) In the fi gure above, a WIMP with a mass of 1.07 × 10–25 kg and an initial speed of 230 km/s collides with a stationary 
germanium nucleus with a mass of 1.19 × 10–25 kg. If the WIMP is defl ected and its speed is reduced to 75 km/s, use 
conservation of energy to determine how much energy is transferred to the nucleus. (It is this energy that scientists must 
somehow detect.) In calculating your answer, assume that the collision is elastic.

b) How many times smaller is this energy than the energy required to lift a grain of sand by one millimetre (1 x 10–7 J )?

5. A friend sends you an email that expresses skepticism about the existence of dark matter. It says: “I thought science was 
about observation, and objects you can see? How can you say that dark matter exists when no one can see it?” Write a 
fi ve to ten sentence reply describing the evidence for dark matter and defending the stance that something does not have 
to be visible in order to be understood by science. In your reply, give an example from everyday life of something that 
exists but is not visible.

Activity 2 |

WIMP

WIMP Ge

Ge

230 km/s
75 km/s
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Activity 3
Gravity and Orbital Motion

NAME :

| Activity 3

You will be using a large sheet of stretchy fabric to model orbital motion. Pull the fabric down in the centre by using a large 
weight or by a person pulling underneath. Your challenge is to roll a ball on the fabric so that it orbits as many times as pos-
sible. You may not move the fabric to keep it going.

1. a) Predict and Explain: Which variables might infl uence the ability of the ball to orbit?

 b) Observe and Explain: What combination of variables must be just right for the ball to orbit?

 c) Extend and Explain: Why doesn’t the Moon fall down to the Earth?

2. a) Predict and Explain: How will the radius of an orbit affect the period of the orbit?

 b) Observe and Explain: Compare the orbital periods for balls at different radii.

 c) Extend and Explain: Does the planetary data below agree with your observations?

     

Planet Orbital Radius
(x1010 m)

Orbital Period
(days)

Mercury 5.79 88

Venus 10.8 225

Earth 14.9 365

Mars 22.8 688
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Activity 3 |

3. a) Predict and Explain: How will the mass of the ball affect the period of the orbit?

 b) Observe and Explain: Compare the orbital periods for balls with different masses.

 c) Extend and Explain: How does the data below support your observations?

Natural and Artifi cial 
Satellites of the Earth

Mass
(kg)

Orbital Radius
(x106 m)

Orbital Period
(days)

ISS 4.17x105 6.73 0.063

Hubble Space Telescope 1.11x104 6.94 0.067

GPS Satellite 2.37x103 26.6 0.5

Moon 7.35x1022 384 27.3

 Compare the data for objects obriting around the Earth with data for objects orbiting around Jupiter. How does the data 
show that the period of the orbit does depend on the mass of the central object?

Moons of Jupiter Mass
(x1022 kg)

Orbital Radius
(x108 m)

Orbital Period
(days)

Io 8.93 4.22 1.77

Europa 4.80 6.71 3.55

Ganymede 14.8 10.7 7.15

Callisto 10.8 18.8 16.7

4. You and a group of students are going to act out how the moons of Jupiter orbit. What variables do you need to consider 
for the motion to be accurate? How do the speeds of the moons compare?

5. The mass of Earth, Jupiter, and the Sun are 5.98 x 1024 kg, 1.90 x 1027 kg, and 1.99 x 1030 kg respectively. Your parents 
wonder how astronomers measure the mass of astronomical objects. Outline how you will explain it to them.
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Astronomers have analysed the stars in the galaxy UGC 11748. They found that most of the stars lie within a radius 
r = 1.64 × 1020 m and that the total mass within this radius is 1.54 × 1041 kg, or 77.4 billion times the mass of the Sun.

It is expected that the stars that lie outside this radius will orbit in the same way that planets orbit the Sun. In this activity you 
will analyse the motion of stars located in the outer regions of UGC 11748.

1. Use the values from the table above to plot measured speed 
against orbital radius on the graph provided. Label this line 
“measured”.

2. a) For each orbital radius, calculate the speed expected if the  
    only mass is the luminous mass of 1.54 × 1041 kg. Record
    your answers in the “Calculated speed” column. 

 b) Show a sample calculation.

 c) Plot calculated speed against orbital radius on the graph
    provided. Label the line “calculated”.

3. Compare the “measured” and “calculated” plots. Discuss a possible explanation for any differences.

Orbital radius 
of star 

(× 1020 m)

Measured 
speed 

(× 105 m/s)

Calculated 
speed 

(× 105 m/s)

Gravitational mass

(× 1041 kg)

Missing
Mass
(%)

1.85 2.47 2.36 1.69 8.99
2.75 2.40  
3.18 2.37  
4.26 2.25  

6.48 2.47  

Activity 4
Dark Matter Within a Galaxy

NAME :

| Activity 4

Useful formulas
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Activity 4 |

4. a) Use the measured speeds to calculate the mass of the galaxy contained within each orbital radius. Record your 
    answers in the “Gravitational mass” column. 

 b) Show a sample calculation. 

5. For each orbital radius, calculate the difference between the gravitational mass within this radius and the total mass of the 
visible stars (1.54 x 1041 kg). Represent this difference as a percentage of the gravitational mass within the orbital radius. 
Record your answers in the “Missing Mass” column.

6. Do your results support the following statement? “It is reasonable to expect that stars orbit around the gravitational mass 
contained within the radius of their orbit in the same way that planets orbit around the Sun.” Discuss.

7. Explain the shape of your plot for measured speed against orbital radius.
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A. Gravitational Lensing

Some of the most convincing evidence for dark matter comes from a phenomenon known as gravitational lensing. This was 
fi rst predicted by Einstein in his theory of relativity. The theory predicts that large masses in outer space, such as clusters of 
galaxies, bend light that travels near them. So as the light from a distant star passes by a large mass its path is distorted by 
gravity. Gravitational lensing was fi rst observed experimentally in 1919 when physicist Arthur Eddington observed light from 
a distant star being bent by the Sun.  

The essential variables in the expression for the angle of defl ection θ can be deduced from basic principles and dimensional 
analysis. We would expect that a larger mass M would defl ect light more and a larger distance d would defl ect light less so 
the expression is probably M/d. The ratio of G/c

2
 is obtained using dimensional analysis. The fi nal piece of the expression is 

the numerical coeffi cient. 

If we consider this problem using only the equivalence principle we get the Newtonian solution:

If we include the curvature of space predicted by Einstein we get:

where G = 6.67 x10-11 Nm2/kg2, M is the mass of the object (in kg), d is the closest the light comes to the centre of the object 
(in m), and c is the speed of light.

1. Given that the mass of the Sun is 1.99 × 1030 kg and its radius is 6.96 × 108 m, calculate the angle of defl ection for light 
from a distant star that passes very close to the Sun’s surface.

2. A ray of light that passes within a distance of 16 million light years from the centre of a cluster of galaxies is bent by an 
angle of 2.0 x 10-5 radians. Use gravitational lensing to calculate the mass of the cluster.

M

d

Where star

appears to be

Actual 

position of 

star

Activity 5
Advanced Mathematical Analysis

NAME :

| Activity 5

2
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B. “Seeing” Dark Matter on Earth: WIMP Collisions

One of the many experiments currently underway on Earth in the search for dark matter is located in rural Minnesota, U.S.A. 
It is 700 m underground in an abandoned mine and is called the Cryogenic Dark Matter Search (CDMS). The experiment 
involves a number of 250 g crystals of germanium cooled down to just above absolute zero (–273 °C) and is designed to 
detect dark matter if it is made of weakly interacting massive particles (WIMPs). To date, the experiment has not conclusively 
detected any WIMPs.

4. If dark matter is made of WIMPs then billions of these particles from space are raining down on Earth each second. 
Although they typically pass through solid objects as if they are not there, there is a very small chance that a WIMP will 
collide with a nucleus of an atom within any material it happens to pass 
through.

 So, at CDMS there is a very small probability that a WIMP will collide with 
the nucleus of a germanium atom in the detector. 
This collision would be elastic, and is illustrated at right.

 You have been hired as a consultant by CDMS and some of the physicists 
ask you for help with the following problem: 

• Suppose a WIMP has a mass of 1.07 × 10–25 kg and an initial speed of 
230 km/s. 

• It collides with the nucleus of a stationary germanium atom with a 
mass of 1.19 × 10–25 kg. 

• The germanium atom is defl ected with an energy of 10 keV (1 eV = 1.60 ×1019J). 

• The physicists would like to know in which direction the germanium atom travels after the collision.

Find the answer to this problem and write a clear, detailed explanation of how you arrived at it so that you can send it to 
the CDMS physicists.

WIMP

WIMP Ge

Ge

230  km/s

Activity 5 |

3. Order the following three scenarios according to the angle of deviation (from highest to lowest) for light that just passes by 
the edges of the clusters.

 a) A cluster of galaxies with a mass of 1014 times the mass of the Sun and a radius of 107 light years.

 b) A cluster of galaxies with a mass of 5 x 1014 times the mass of the Sun and a radius of 3 x 106 light years.

 c) A cluster of galaxies with a mass of 2 x 1014 times the mass of the Sun and a radius of 4 x 106 light years.
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Activity 6
Dark Matter Lab:
Measuring Mass using Circular Motion

NAME :

| Activity 6

An object moving at a constant speed in a circular path is accelerating (i.e., the direction of the velocity vector is constantly 
changing). This acceleration is caused by an unbalanced force acting towards the centre of the circle (centripetal force). Any 
change in the unbalanced force will produce a change in the orbital motion of the object.

Predict
How will the speed of an orbiting body change as the applied force increases, if we keep the orbital radius constant?

Materials
rubber stopper
string
glass or plastic tube
paper clip

Procedure 

1. Measure and record the mass of (i) the stopper and (ii) all of the washers combined.

2. Your teacher will show you how to construct the apparatus.

3. Set the radius of revolution of the stopper between 40 and 80 cm by keeping the paper clip just below the bottom of the 
tube. Record the distance from the top of the tube to the middle of the stopper.

4. Attach eight washers to a second paper clip tied to the free end of the string. Spin the stopper in the horizontal plane, 
keeping the fi rst paper clip suspended just below the bottom of the tube. Once you have the stopper orbiting at a constant 
rate, record the time taken for 10 cycles. 

5. Increase the number of washers by two, keeping the radius constant. Record the time for another 10 cycles. Repeat until 
you have results for at least fi ve different masses.

Application

You are given an object of unknown mass. Follow the procedure described above and record the time taken for 10 cycles.

Analysis

1. Draw free-body diagrams for the washers and the stopper. 

2. Use these free-body diagrams to derive an expression that relates v2 to m
W
. The angle between the string and the 

horizontal should be relatively small for all your results so it will be ignored in any calculations.

3. Use the geometry of a circular path to convert the period of motion to linear speed for the stopper.

4. Plot the square of the speed of the stopper v2 against the mass of the washers m
w
. Calculate the slope of the line 

(remembering to include the correct units).

5. Use the expression derived in Step 2 to give a physical interpretation for the slope of the plot of v2 against m
W
. Compare 

the slope calculated in Step 4 with the slope generated by your free-body diagram model in Step 2. 

6. Use the results to calculate the unknown mass. Compare your answer to the value obtained using a balance.

Questions 

1. Two students are spinning identical stoppers at equal orbital radii. One of the stoppers is moving noticeably faster than the 
other. What can you infer about the number of washers attached to the faster stopper?

2. Earth orbits the Sun because of gravitational attraction. How could you use Earth’s orbital data to measure the mass of the 
Sun? Find the relevant data and calculate the Sun’s mass.

3. The Sun orbits the centre of the Milky Way galaxy at a radius of 8.33 kpc (1 parsec = 3.26 light years) and at a speed of 
220 km/s. Determine the mass of the Milky Way contained within the Sun’s orbit. 

4. Physicists estimate the mass of luminous matter in a galaxy by measuring the galaxy’s brightness. They have observed 
that stars within many galaxies orbit around their galactic centres at speeds higher than expected. Using ideas from this 
lab, give an explanation for these observations.

16 washers
stopwatch
electronic balance
unknown mass
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Roughly speaking, dark matter is matter that we can only detect via its gravitational interaction with other objects. Some of 
the most compelling evidence for it comes from the analysis of stars that are moving much faster than expected, based on the 
surrounding visible mass. 

By introducing students to the mass–speed relationship in this activity, you give them the physics they need to explore one of 
the greatest unsolved problem in physics today.

Safety

This laboratory activity involves swinging objects around on a string, which is an 
inherently dangerous thing to do. If the string breaks or the knots come undone, the 
rubber stopper will be projected tangentially. The rubber stopper can also hit the 
student holding it if suffi cient care is not taken. Therefore:

1. Always inspect the equipment before performing the lab. Replace any worn 
strings.

2. Have students wear safety goggles during the lab to prevent eye injuries.
3. Ensure students have suffi cient room to do the lab without endangering other 

students or themselves.

Introduction

In this activity, students will explore the relationship between the mass of a number of 
washers and the orbital speed of a rubber stopper that rotates around the 
washers. The activity demonstrates that we can use the speed of an orbiting body to infer the magnitude of the mass 
responsible for the rotation. A series of questions then leads students to see how they can use this relationship to analyse 
astronomical objects and, ultimately, fi nd evidence for the existence of dark matter. 

When the stopper is in orbital motion, it orbits below the top of the tube because of its mass. So the length of string between 

the stopper and the top of the tube deviates from the horizontal plane, as shown in Figure 1. The angle θ measures the extent 
of this deviation.

If students correctly incorporate θ when analysing this laboratory, they will end up with a somewhat complicated expression 
for v (the orbital speed of the stopper) in terms of m

W
 (the mass of the washers) that does not readily lend itself to being 

analysed (details can be found in Appendix B on the DVD-ROM). This fact and the fact that θ is always relatively small are 

good reasons why students can ignore θ in Steps 5 and 6. This will allow them to ignore extraneous, complicating details and 
help them to focus on the most important concepts.

Background

Before they perform this activity, students will need to be familiar with the following concepts:

• The circumference of a circle is given by 2πr, where r is the radius.
• The term “period” describes the time taken for one cycle.
• Centripetal motion is caused by an unbalanced force acting towards the centre of a circle.
• The unbalanced force that acts on planets is the force of gravity and its magnitude and direction are given by Newton’s 

law of universal gravitation. 

Modifi cations

Depending on the particular emphasis in your course you may wish to try some of these modifi cations:

• Do not weigh the washers. Have your students just discover a qualitative relationship between mass and speed. 
• Have students use graphical techniques to fi nd the relationship between v2 and m

W
, rather than telling them to plot v2 

against m
W
.

• Have students compare results for different values of orbital radius to explore how this quantity effects the orbital 
speed.

Figure 1 The stopper orbits below the 

top of the tube when in orbital motion.

Activity 6 |

Activity 6
Dark Matter Lab:
Teacher’s Notes
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Number of washers 8 10 12 14 16

Mass of washers (g) 43.2 53.9 64.7 75.5 86.3

Time for 10 cycles (s) 8.51 7.58 6.92 6.40 6.00

Speed of stopper (m/s) 4.60 5.14 5.63 6.08 6.50

| Activity 6

Analysis

Sample Data

Mass of rubber stopper = 12.4 g

Mass of 16 washers = 86.3 g

Distance from top of tube to middle of stopper = 62 cm

Unknown Mass

Mass as measured on a balance = 54.0 g

Time taken for 10 cycles  = 7.68 s

Speed of stopper = 5.07 m/s

1. m
w
 represents the mass of the washers. Let m

s
 represent 

the mass of the stopper, T the magnitude of the tension in 

the string, g the acceleration due to gravity, and θ the angle 
at which the string between the top of the tube and the 
stopper deviates from horizontal.

The free-body diagrams are as follows:

2. As the stopper orbits in the horizontal plane, the 
magnitude of the net force acting on it equals the 
horizontal component of the tension on the string. From 
the free-body diagram for the stopper, we can see that this 

component equals T cos θ     . As we let θ = 0, it reduces to T.

 As the stopper is in uniform circular motion, its 
acceleration is given by

    (6.1)

where r is the distance between the stopper and the top of 
the tube.

T

Fg = mW g

washer

Fg = mS g

T

stopper

θ

 Substituting T and the expression for a
C
 from equation 6.1 

into Newton’s second law of motion for the stopper yields
  

    (6.2)

 

 From the free-body diagram for the washers, we can see
that T = m

w
g and thus

 
   (6.3)

 

 Solving this equation for v2 yields

   (6.4)

 

 Thus, the square of the speed of the stopper is 
proportional to the mass of the washers, with the constant 
of proportionality being equal to  

     (6.5)

 As θ     is relatively small for all values of m
W
 , letting it 

equal zero in the calculation above gives an accurate 

approximation. If the value of θ is incorporated the 
relationship between v2 and m

W
 is considerably more 

complicated and does not readily lend itself to analysis by 
students. More details on this can be found in Appendix B 
on the DVD-ROM.

3. Sample Calculation

 Let r represent the orbital radius of the stopper: 

 where T is the period of the stopper’s orbit.

r
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4.

 To calculate the slope of the line: 

5. From equation 6.4, the slope of the plot of v2 against m
w
 

depends on the mass of the stopper, the orbital radius, and 
the acceleration due to gravity. Using the following data: 

m
S
 = 12.4 g , r = 62 cm, and g = 9.8 m/s2 yields

 Hence, the measured slope of 5.0 × 102 m2/ (kgs2) is 
2% greater than the value predicted by the free-body 
diagrams. 

6. Using the sample data of r = 62 cm and v = 5.07 m/s and 
the formula

 Note: Final answer was obtained by using all of the digits present in 

intermediate answers and not rounding off.

Thus, the mass of the unknown mass, as calculated from 
the stopper’s orbit, is 53 g. This differs from the balance 
mass of 54.0 g by just 2%. 
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This chapter of the video:

• introduces Vera Rubin and her measurements of the 
orbital speeds of stars in Andromeda.

• explains that Rubin expected the orbital speeds of the 
outer stars to decrease the farther the stars were from 
the centre of Andromeda (like the orbital speeds of 
planets in the Solar System).

• shows that, instead, the orbital speeds remained 
constant with distance and were higher than expected.

• explains that, over time, Rubin’s observations led 
physicists to rethink the composition of the entire 
universe.

Historical Background

Vera Rubin is an astrono-
mer from Washington, D.C. 
Between 1967 and 1969 she, 
with assistance from her 
colleague Kent Ford, used 
two telescopes (at Kitt Peak 
and Lowell Observatory, both 
in the U.S.A.) to observe the 
orbital speeds of stars within 
the Andromeda galaxy. 

Although other astronomers 
had measured the orbital 
speeds of stars in various 

galaxies before, what made Rubin’s observations unique was 
the technology she used. Ford had recently built a highly 
sensitive spectrometer able to collect data from the faint 
outer regions of galaxies. This allowed Rubin to observe 
phenomena previously inaccessible to astronomers.

The orbital speeds of the planets in the Solar System 
decrease the farther they are from the Sun and so Rubin 
expected to see a similar decrease in the orbital speeds of 
stars in Andromeda. Instead, the observed orbital speeds 
were as shown in Figure 1.

Fritz Zwicky

100

200
Observed speeds

Expected speeds

Distance from centre of galaxy 

Sp
ee

d 
(km

/s
)

Figure 1 Expected and observed orbital speeds for stars in Andromeda. 

The expected speeds are based on the assumption that the vast majority of 

Andromeda’s mass lies within the galaxy’s core where most of the stars are found.

Vera Rubin

Figure 2  The Andromeda galaxy. The stars within it orbit in 

uniform circular motion.

Video Chapter 1
Introduction

In the outer region of the galaxy, the orbital speeds were 
constant at around 225 km/s as far out as Rubin could 
measure. The case for dark matter is most compelling 
in the outer regions because it is there that dark matter 
dominates over luminous matter. In the inner region of a 
galaxy orbital speeds increase linearly, as expected, be-
cause there is far more luminous matter than dark matter.

Earlier Evidence for Dark Matter

Although Rubin’s observations in the 1960s led to dark 
matter entering mainstream 
physics, tentative evidence for 
dark matter existed much earlier. In 
1933, Swiss-born astronomer Fritz 
Zwicky examined the speeds of 
individual galaxies within the Coma 
Cluster of galaxies and found that 
they were so high they exceeded 
the cluster’s escape velocity. This 
meant that the cluster should have 
been unstable and falling apart, 
when clearly it was not.

Zwicky concluded that there must be a vast amount of 
unseen mass within the cluster holding it together via 
gravity. However, Zwicky’s data contained large 
uncertainties and other physicists were skeptical. 
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This chapter of the video:

• shows how we can use Newton’s law of universal 
gravitation to calculate the mass of the Sun from the 
orbit of any planet.

The method for measuring mass discussed in this chapter 
of the video is commonly known as the Dynamical Method. 
However, we use the term Orbital Method to emphasize its 
connection to the orbital speeds of stars.

Elliptical Orbits

Planetary orbits are elliptical with the Sun at one foci, as in 
Figure 1. Kepler’s third law states that the square of the 
period, T, is proportional to the cube of the semi-major axis 
of motion, a:

   (2.1)

where M
S
 is the mass of the Sun and G is Newton’s gravita-

tional constant. Rearranging this equation to solve for M
S
, we 

obtain:

   (2.2)

In the video, as in most textbooks, we treat planetary orbits 
as circular with the centripetal force acting on the planet is 
given by:

   (2.3)

where m
P
 is the planet’s mass, v is the planet’s linear speed 

and r is its orbital radius. 

The force acting on the planet is gravity, which is described 
by Newton’s law of universal gravitation:

   (2.4)

Equating the two forces and solving for M
S
 gives:

  (2.5)

Video Chapter 2
Measuring the Mass of the Sun

Figure 1 Planet orbiting the Sun in an elliptical 

orbit. a is the semi-major axis of the orbit.

a

For a circular orbit the distance travelled in one orbit is 2   r  
so the speed: 

     

Substituting this into (2.5):

  

   (2.6)

We produce a similar equation to 2.2. As long as a ≈ r it is 
valid to treat the elliptical orbits as if they were circular. 
Jupiter’s orbit is only slightly elliptical. The difference 
between the mass of the Sun calculated assuming circular 
and elliptical orbits is less than 0.01%.

r
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to this question can be found in Appendix C on the DVD-
ROM.

Doppler Effect

The basic principle underlying how physicists measure the 
speed of a star using the Doppler effect is the same as that 
for measuring the speed of an ambulance from the Doppler 
shift of its siren, as in Figure 1. In the latter case, we measure 
the siren’s apparent frequency f and calculate its speed v

s
 

(towards or away from us) from knowing its actual frequency 
f
0
 and using the formula

    (3.1)

where v is the speed of sound in still air, v
s
 is the speed of the 

moving source and f
0
 is the actual frequency emitted.

Physicists use a similar equation to fi nd the speeds of stars 
within galaxies, but there are two differences. First, physicists 
do not directly measure the frequency shift of light waves 
emitted by a star. Instead, they measure the frequency shift 
of radio waves emitted by hydrogen gas orbiting at the same 
speed as the star. This allows them to calculate the speed of 
the gas and thus the speed of the star. 

The second difference is that physicists use a slightly 
different equation from equation 3.1 because 
electromagnetic radiation travels at the speed of light and 
must be handled using Einstein’s theory of relativity, as 
detailed in Appendix D on the DVD-ROM.

Note that in the animation of Doppler shifted stars in the 
video we have greatly exaggerated the colour changes as-
sociated with the Doppler effect in order to highlight them.

This chapter of the video:

• explains how to calculate the mass of a galaxy within a 
given radius from the orbital speeds and orbital radii of 
stars (the Orbital Method).

• applies the Orbital Method to the Triangulum galaxy and 
calculates a mass of 46 billion Suns within a radius of 
4.0 × 1020 m. 

Distribution of Mass

An interesting feature of the Orbital Method is that we 
employed the same equation used to calculate the mass of 
the Sun:

to calculate the mass of a galaxy within a certain radius. 
This leads to the following question: By using this equation 
for a galaxy, aren’t we implicitly assuming that the mass of 
a galaxy is concentrated at its centre, like the mass of the 
Solar System?

The answer to this question is that we do not make this 
assumption. The equation:

applies to any spherically symmetric distribution of mass, 
including both spread out and localized distributions. Thus, it 
applies to a galaxy in which mass is spread over a 
large volume.

The reason the equation applies to any spherically symmetric 
distribution of mass is that such a distribution produces a 
gravitational fi eld outside of its radius that is identical to one 
that would have been produced if all of the mass had been 
located at the centre of the distribution. Thus, the outside 
gravitational fi eld for such a mass is independent of the 
distribution of mass and only depends on the total mass M 
contained within the distribution. 

We implicitly use this fact when calculating the gravitational 
attraction between any two extended bodies (e.g., the Sun 
and Earth) using the centre-to-centre distance as the 
distance r in Newton’s law of universal gravitation (e.g., 
between the Sun and Earth).

A second issue related to the Orbital Method and mass dis-
tribution is why the Orbital Method only measures the mass 
of a galaxy within a certain radius? That is, why doesn’t it 
also measure the mass of the galaxy farther out? An answer 

Figure 1 We can use the Doppler effect to measure the speed of 

an ambulance.

Video Chapter 3
Measuring the Mass of a Galaxy:
Orbital Method
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Doppler Effect and Orientations of Galaxies

It is important to note that the Doppler effect only measures 
the speed of a star towards or away from us. It does not 
measure any sideways or transverse motion with respect to 
Earth. 

If a galaxy is oriented so that we can only see the edge of its 
orbital plane (an edge-on galaxy) some of its stars are 
moving directly towards us and some are moving directly 
away from us, as in Figure 2. We can measure the orbital 
speeds of these stars using the Doppler effect. 

However, if a galaxy’s orbital plane faces Earth directly (a 
face-on galaxy) then all of its stars move with purely 
transverse velocities relative to Earth, as in Figure 3. In this 
case, both the stars and hydrogen gas do not exhibit any 
frequency shift and we cannot measure their speeds using 
the Doppler effect. Only a small fraction of galaxies 
are face-on.

Most galaxies lie somewhere in between the two extremes of 
being face-on or edge-on. They have orbital planes tilted at 
some angle towards us. So, physicists can use the Doppler 
effect to measure a component of the velocities of their stars. 
Physicists then fi nd the total velocities by determining the 
angle of the tilt and adjusting the measured Doppler speeds 
accordingly.

Figure 2  Edge-on galaxy Figure 3  Face-on galaxy. For an edge-on galaxy, we can measure the 

orbital speeds of stars via the Doppler effect. For a face-on galaxy, 

we cannot.

Where did the data for Triangulum come from?

The speed (v = 123 km/s) and radius (r = 4.0 ×1020 m) values 
for Triangulum used in the video came from recent 
measurements of this galaxy. The complete set of data is in 
Appendix A.

Measuring the Orbital Radius of a Star

Another question that arises from this chapter of the video 
is how physicists measure the radius of the orbit of a star in 
a distant galaxy. Appendix E on the DVD-ROM answers this 
question.
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Video Chapter 4
Measuring the Mass of a Galaxy:
Brightness Method

This chapter of the video:

• outlines how to measure the mass of a galaxy from its 
brightness (the Brightness Method).

• applies the Brightness Method to the Triangulum galaxy 
and obtains a mass 39 billion Suns less than the value 
obtained from the Orbital Method.

• shows how this discrepancy can be explained by the 
existence of a vast amount of unseen mass called dark 
matter.

• explains that all galaxies examined to date for dark 
matter have been found to contain vast quantities of 
dark matter.

As might be expected, the method that physicists actually 
use to calculate a galaxy’s mass from its brightness is con-
siderably more complicated than the approach presented in 
the video. However, the core principle underlying the method 
used is that galaxies with greater mass tend to contain more 
stars and thus tend to be brighter.

A more detailed breakdown of the steps involved in the 
Brightness Method is as follows:

1. First, physicists measure the distribution of light within 
a galaxy by looking at an image of it.

2. Next, they use this distribution to calculate the galaxy’s 
total apparent brightness within a radius r by adding up 
all the light within r.

3. Then, they use knowledge of how far away the galaxy 
is to determine its total actual brightness 
(i.e. luminosity) within r.

4. Next, they estimate how much mass within the galaxy, 
on average, produces one unit of brightness. This 
quantity is a conversion factor from brightness to 
mass and can be estimated by a variety of means. For 
example, physicists sometimes use knowledge of the 
relative abundances of different types of stars within 
a galaxy, along with the brightness and mass of each 
type, to estimate the conversion factor.

5. Finally, they multiply the total actual brightness within 
r by the conversion factor to obtain a result for mass 

within the radius r.

Seven Billion Suns

The Brightness Method result of 7 billion Suns is the 
combined mass of all of the following within a radius of 
4.0 × 1020 m: (i) all of the stars, (ii) the hydrogen gas, and (iii) 
the helium gas. Helium is the second most abundant 
element in the universe after hydrogen and there is a 
signifi cant amount of it within Triangulum. 

How Accurate is the Brightness Method?

Like many calculations in astronomy, the Brightness Method 
contains an appreciable amount of uncertainty. However, this 
fact is not overly signifi cant because the discrepancy 
between the Brightness and Orbital Methods is so large. 
Even if the actual mass of the stars and gas within a radius of 
4.0 × 1020 m was double the value of 7 billion Suns (a 50% 
error), there would still be a discrepancy of 32 billion Suns.

In addition to the numerical discrepancy between the Orbital 
and Brightness methods, the overall pattern of the orbital 
speeds of the stars within galaxies (constant orbital speed 
with increasing distance) is fundamentally different from the 
expected pattern (orbital speed declining with increasing 
distance). Thus, even if the actual masses of stars in distant 
galaxies were higher than current estimates, this would only 
have the effect of moving the plot for expected orbital speed 
in Figure 1 upwards. It would not alter the plot’s overall pat-
tern so that it matched the observed plot. Thus, the stars and 
gas alone cannot explain the observed speeds of stars, no 
matter how large their combined mass is. 

100

200
Observed speeds

Expected speeds

Distance from centre of galaxy 

Sp
ee

d 
(km

/s
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Figure 1 Expected and observed orbital speeds for stars in Andromeda. 

The expected speeds are based on the assumption that the vast majority of 

Andromeda’s mass lies within the galaxy’s core where most of the stars are found.
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Mass-Luminosity Relationship

The graph shown in Figure 2 plots brightness 
(i.e., luminosity) against mass for individual stars. It shows 
the well known mass–luminosity relationship. Although the 
relationship shown is linear, we have used logarithmic scales 
on both axes for the purposes of simplifi cation. 

The actual relationship is

   (4.1)  

 

where M
S
 and L

S
 are, respectively, the Sun’s mass and 

luminosity. M and L are the mass and luminosity of the star in 
question. (Note that the exponent 4 is only approximate and 
sometimes a different one is used, e.g., 3.5 or 3.9) 

Density of Dark Matter

Measurements of orbital speed can be made at distances 
much farther out than the outermost stars by looking at faint 
concentrations of hydrogen gas. Physicists have found that 
the speeds measured remain constant with distance and are 
much higher than expected far beyond where the stars end. 

From the shape of the resulting graph of orbital speed 
against orbital radius, physicists have determined that the 
total mass of dark matter, M

dark
, within an orbital radius of r 

increases linearly with r,   

   (4.2)

As dark matter gravitationally attracts other dark matter, it 
tends to be found clumped together. As a result, in the image 
of dark matter (Figure 3) that appears near the end of this 
chapter of the video, the density of dark matter is greatest at 
the centre and gradually decreases as we move farther out.

Is Dark Matter the Same as Dark Energy?

Dark matter is distinct from dark energy, a recently discov-
ered unseen energy that many physicists also think makes up 
a large fraction of the universe. Dark energy is anti-gravita-
tional and is thought to be making the universe expand at an 
ever-increasing rate.

Dark Matter within Triangulum

As stated in the video, there are 7 billion Suns of luminous 
mass in Triangulum within a radius of 4.0 × 1020 m and 
39 billion Suns of dark matter within the same radius. There 
are very few stars beyond this point, although small quanti-
ties of hydrogen can be found farther out. Dark matter ex-
tends far beyond 4.0 × 1020 m and so, overall, there is much 
more than 39 billion Suns of dark matter within Triangulum.

 

Figure 2 Mass-Luminosity Relationship 

Figure 3 Representation of a cloud of dark matter surrounding a galaxy.
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Albert Einstein

Figure 1 Gravitational lensing in a cluster of galaxies.

Video Chapter 5
Evidence from Einstein

This chapter of the video:

• explains that large masses in outer space bend nearby 
rays of light (gravitational lensing).

• explains how we can use the amount of distortion we 
see in images of distant galaxies to infer the presence 
of dark matter within clusters of galaxies.

The idea that mass bends light that travels near it comes 
from Einstein’s theory of general relativity. In fact, Einstein 
fi rst achieved worldwide fame in 1919 because another 
physicist, Arthur Eddington, observed light being bent by the 
Sun, confi rming the existence of this phenomenon. 

The amount by which even a large cluster of galaxies bends 
light is typically only very small, much less than one degree. 
However, in the video, we have exaggerated the effect in 
order to highlight it.

Clusters of Galaxies

Gravitational lensing allows physicists to study dark matter 
on the scale of clusters of galaxies, that involve large num-
bers of individual galaxies, as in Figure 1. They have found 
that the ratio of dark matter to stars and hydrogen gas on 
this scale is signifi cantly greater than in individual galaxies. 

Some gravitational lensing observations are diffi cult, if not 
impossible, to explain without dark matter and many 
physicists think that gravitational lensing provides the 
strongest evidence for the existence of this elusive material.

Furthermore, as gravitational lensing is a feature of 
Einstein’s theory of general relativity and not Newton’s theory 
of universal gravitation, it provides evidence for the 
presence of dark matter that is independent of evidence 
from the orbital speeds of stars within galaxies.
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This chapter of the video:

• shows that the bulk of dark matter is not made of 
planets, brown dwarf stars, or black holes.

One of the earliest theories of dark matter (from the 1970s) 
was that it is made of known celestial objects such as 
Jupiter-sized planets, brown dwarf stars, and black holes. 
These, and other related objects, are known collectively as 
massive astrophysical compact halo objects (MACHOs) and 
so the theory that dark matter is made of them is called the 
MACHO theory of dark matter.

Planets

The main problem with the idea that planets make up the 
bulk of dark matter is that there would need to be so many 
of them. For example, there is 39 billion Suns of dark matter 
in Triangulum within a radius of 4.0 ×1020 m. Jupiter’s mass 
is one thousandth of the mass of the Sun and so we would 
need more than ten trillion Jupiter-like planets to account 
for all of this dark matter. This corresponds to thousands of 
planets for every star within a radius of 4.0 × 1020 m, as in 
Figure 1. Given that our Solar System has only eight planets, 
this seems highly unlikely.

Brown Dwarfs and Black Holes

Two other dark matter candidates are brown dwarf stars (also 
known as brown dwarfs) and black holes, as in Figures 2 and 
3. Both have mass but give off so little light that we cannot 
readily see them using telescopes. In spite of this, physicists 
can detect their presence via small-scale gravitational lensing 
experiments. Instead of trying to observe distortions in the 
images of entire galaxies, they look for distortions in the im-
ages of individual stars. These distortions are the temporary 
brightening of stars caused by dwarf stars, black holes, or 

Video Chapter 6
Failed Ideas About Dark Matter

other “dark” objects bending nearby light and acting like a 
converging lens. Physicists have found some unseen mass 
this way, but not anywhere near enough to account for all 
dark matter.

A second reason why it is unlikely that the bulk of dark 
matter is made of black holes relates to the explosions called 
“supernovas” that accompany their creation. Supernovas 
occur when a very massive star reaches the end of its lifetime 
and collapses under gravity. This is followed by an incredibly 
bright explosion (a supernova) that spews out vast quantities 
of a wide range of chemical elements, as in Figure 4. If the 
star’s mass prior to the supernova is greater than around 
25 times the mass of the Sun, the force of gravity in the 
collapse is so strong that it results in a black hole.

The elements created in a supernova emit characteristic 
emission spectra and can be readily detected by physicists. 
So, the creation of a black hole leaves a highly visible trace. 
If dark matter were made entirely of black holes, there would 
be vast quantities of the elements created in a supernova 
spread throughout the universe. However, current observa-
tions indicate that there are nowhere near enough to support 
the idea that dark matter is composed entirely of black holes.

Figure 1 If dark matter is made entirely of planets, there would 

need to be thousands of planets for every star within a galaxy.

Figure 2 Brown dwarf star
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Figure 4 Supernova: an explosion that occurs at the end of the 

life of a massive star.

Figure 3 Black hole.

Visualizing a Black Hole

At various points in this chapter of the video, we show an 
image of a black hole surrounded by brightly coloured trails 
(Figure 3). They represent electromagnetic radiation emitted 
by nearby matter as it falls into the black hole, a common 
occurrence.

Hydrogen Gas

Another dark matter candidate is, sparsely distributed hydro-
gen gas. Hydrogen is the universe’s most abundant element 
and there are vast quantities of it within galaxies, as well as 
between them. When it is sparsely distributed, it can be 
challenging to detect. 

However, there is strong evidence that hydrogen gas (or 
anything else made of atoms) does not make up the bulk of 
dark matter. This evidence comes from the highly successful 
theory of Big Bang Nucleosynthesis which allows physicists 
to estimate the total amount of mass in the universe made up 

of any type of atom (the baryonic mass). The universe’s total 
baryonic mass is only one fi fth of the total mass of dark 
matter and so it seems that, at best, only a small fraction of 
dark matter is made of hydrogen gas.

Neutrinos

Yet another theory about dark matter is that it is made of 
neutrinos. These are tiny, very light subatomic particles that 
pass through solid objects as if they were not there, making 
them very hard to detect. 

There are vast quantities of neutrinos throughout the universe 
and so some researchers in the 1980s thought they might 
make up the bulk of dark matter. Recently, however, 
physicists have been able to estimate the mass of the 
neutrino and have found that it is too small to account for 
         the majority of dark matter.
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Video Chapter 7 
Current Theories of Dark Matter

This chapter of the video:

• discusses the possibility that there is no dark matter 
and that, instead, we need to modify our existing laws 
of gravity.

• describes how most physicists think that dark matter 
consists of an as-yet-undetected type of subatomic 
particle.

• discusses the two leading candidates for this new 
particle, weakly interacting massive particles (WIMPs) 
and axions.

• interviews a number of dark matter researchers on their 
opinions.

• discusses some of the experiments worldwide trying to 
detect dark matter directly.

 
There are four primary pieces of evidence that point to dark 
matter. They are:

• the orbital speeds of the stars within galaxies
• gravitational lensing
• the large-scale structure of the universe
• cosmic microwave background radiation

All of the dark matter theories mentioned in Video Chapter 6 
of the video involve objects that have been detected ex-
perimentally. Their failure suggests one of the two following 
possibilities:

• dark matter is made of objects that have never been 
detected in experiments.

• dark matter does not exist. Much of the evidence for it 
comes from effects related to gravity (e.g., the orbital 
speeds of stars, gravitational lensing). Thus, if our 
current laws of gravity do not apply on a galactic scale, 
this evidence is undermined. 

WIMPs

Having ruled out all experimentally detected types of matter 
as making up the bulk of dark matter, many physicists turned 
to undetected varieties. One of the most popular ideas is 
that dark matter is made of hypothetical subatomic particles 
called “weakly interacting massive particles” or WIMPs, as in 
Figure 1. 

WIMPs are many times more massive than a proton and have 
no electric charge. Electromagnetic radiation is produced 
by charged particles, so since WIMPs are not charged, they 
do not emit electromagnetic radiation of any frequency and 
thus appear dark. Many physicists are confi dent that dark 
matter is made of vast clouds of WIMPs travelling rapidly in 
all directions.

Axions

A second theory involving undetected particles is that dark 
matter is made of hypothetical subatomic particles called 
“axions”. Axions are many times lighter than electrons and 
have no electric charge. One of the main differences between 
WIMPs and axions is their mass. Thus, the difference be-
tween the two theories (WIMPs or axions) is that dark matter 
is either made of a large number of light particles (axions) or 
a smaller number of heavier particles (WIMPs).

Searching for Dark Matter on Earth

Earth lies within the Milky Way galaxy which is dominated by 
dark matter. This means that if dark matter is made of WIMPs 
or axions, billions of unseen particles are passing through 
your body each second, as in Figure 2. Physicists should be 
able to detect a tiny fraction of these particles (if they exist) 
using highly sensitive experiments. Thus, numerous groups 
worldwide have set up a number of such experiments, with 
some of the most promising ones taking place 2 km 
underground in a working nickel mine at SNOLAB in Sudbury, 
Ontario, Canada.

Figure 1  Many physicists think that dark matter is made of WIMPs.

Figure 2 If dark matter is made of WIMPs or axions, then billions of dark matter 

particles are passing through your body each second.
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Modifying Newton

A small minority of physicists advocate a radical solution 
to the mystery of dark matter: modifying Newton’s law of 
universal gravitation on the scale of a galaxy (or larger). One 
theory is called Modifi ed Newtonian Dynamics (MOND) and 
it can explain the mass discrepancy between the Orbital 
and Brightness Methods. MOND does this by altering the 
relationship between the magnitude of the gravitational force 
F and distance r from             

                     to                   

for very large distances.  

Although MOND can explain the evidence supporting the 
existence of dark matter within galaxies, it cannot explain the 
evidence for it from gravitational lensing. In addition, chang-
ing a basic physical law is a very rare occurrence in physics 
and most physicists do not believe that this is the solution to 
the mystery of dark matter.

Conclusion

The race to be the fi rst to detect dark matter here on Earth 
is intense. Whoever succeeds fi rst will, for the fi rst time ever, 
have directly observed the particle that makes up, on aver-
age, 90% of the mass of every galaxy in the universe. They 
are almost certain to win a Nobel Prize.

Figure 3 PICASSO dark matter experiment in Ontario, Canada.

PICASSO Dark Matter Experiment

One of the experiments at SNOLAB is the PICASSO (Project 
in Canada to Search for Supersymmetic Objects) experiment 
(Figure 3), which is highlighted in the video. It consists of 
millions of tiny droplets of superheated liquid Freon (C

4
F

10
 ) 

suspended in a gel. There is a very small chance that a WIMP 
passing through the experiment will collide with a fl uorine 
nucleus within one of the droplets. When this happens, 
energy is transferred to the droplet, causing the liquid to 
vapourize and a tiny bubble to form. The bubble then rapidly 
expands, sending out a shock wave that physicists detect 

using acoustic sensors.

ICE CUBE Dark Matter Experiment

Another dark matter experiment is located at the South Pole. 
The ICECUBE experiment consists of a vast array of sensi-
tive light detectors located in 1 km deep holes in the ice. If 
dark matter is made of WIMPs, then dark matter that is gravi-
tationally trapped within the Sun and Earth should, indirectly, 
cause light to hit the detectors in a distinctive pattern.

CERN and the LHC

Yet another experiment that might detect dark matter is 
taking place just outside Geneva, Switzerland at CERN, the 
world’s largest particle accelerator. Using the Large Hadron 
Collider (LHC), physicists hope to actually create dark matter 
particles (WIMPs) via extremely high-energy collisions be-
tween subatomic particles. If they succeed, this will provide 
evidence for the WIMP theory of dark matter.
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2. a) The Sun’s gravitational attraction keeps the planets in  
their orbits.       

 b) From the law of universal gravitation, the Sun’s 
gravitational fi eld decreases with increasing distance from 
the Sun. Therefore, the outer planets travel more slowly 
because they experience a weaker gravitational fi eld and 
thus accelerate less and have lower orbital speeds, as 
dictated by the equation

 c) Beginning with the answer to 1. a) 

 rearrange to solve for v

  This is the equation for the graph in the worksheet. 

3. We are given the following information

 The amount of dark matter M
dark

 is the difference between 
the total mass M

gal
 and the luminous mass M

stars

 We can calculate M
gal

 as follows

Activity 
Solutions 

Activity 1
Video Summary

1. b  2. a  3. d  4. c  5. c  6. b  7. a  8. d  9. a  10. d

Activity 2
Key Concepts

1. a) Let F
G,S

 represent the magnitude of the Sun’s 
gravitational force on Mars. Also, let m

M
 and v represent 

the mass and orbital speed of Mars, r the radius of Mars’ 
orbit around the Sun and M

S
 the mass of the Sun.

b) We are given the following information

 
Substituting this into the answer to a) we obtain

Sun Mars

FG,S
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The amount of dark matter is

(Note: Final answer obtained by using all of the digits 
present in intermediate answers and not rounding off.)

4. a) We are given the following information

 As the collision is elastic, we can calculate the energy of 
the germanium nucleus from the change in energy of the 
WIMP using the principle of conservation of kinetic energy.

 Before the collision 

 After the collision

  Therefore, the amount of energy transferred to the 
germanium nucleus is

b) As we need 1 x 10-7 J of energy to lift a grain of sand by 1 
mm

 So, the amount of energy transferred to the germanium 
nucleus is 40 million times less than the energy needed to 
lift a grain of sand by 1 mm.

 Therefore, scientists need a highly sensitive detector if they 
hope to ever detect a WIMP.

5. A good answer to this question might include points such 
as the following:

• One of the main pieces of evidence for dark matter 
comes from observations of stars in galaxies. The stars 
are moving at higher speeds than expected if galaxies 
only contain visible mass.

• There are many ways to detect objects other than by 
seeing them. Sight is only one of our fi ve senses.

• There are many examples of scientists coming to 
accept the existence of things they could not see, eg. 
radio waves, atoms, magnetic fi elds.

 Examples of things from everyday life we believe to exist 
but cannot see:

• Air: although we cannot see it, we can detect its 
movement (i.e., wind).

• X-rays: we cannot see them but they allow doctors and 
dentists to obtain images of various parts of the body.

• Microwaves: although we cannot see them, they heat 
our food in microwave ovens.

Activity 3
Gravity and Orbital Motion

Students MUST predict and explain and write their ideas 
down BEFORE having them explore. This encourages 
the building of strong mental models instead of random 
playing.

1. The students may take a while to be successful. 
Give them time to work it out as a cooperative group 
investigation. Eventually they will realize that the ball needs 
to be launched sideways and at just the right speed. To 
work well the fabric needs to be level and taut with as 
deep a well as possible. Students can see an answer 
to “Why doesn’t the Moon fall down?” at: http://www.
perimeterinstitute.ca/en/Outreach/Alice_and_Bob_in_
Wonderland/Alice_and_Bob_in_Wonderland/

2. It should be very clear that the smaller radii have shorter 
periods. This can also be seen with the planetary data (and 
further down with the satellite data), as long as you stay 
within one system.

3. They should be able to notice that the mass of the orbiting 
ball does not matter—much. A glass marble and a small 
super all can have the same orbits even though one has 
ten times the mass of the others. You can demonstrate 
this by launching the two balls at the same time. There are 
other variables that come into play here (friction, surface 
area, etc) so the results may not be exact.

 The International Space Station (ISS) is much more 
massive than the Hubble Space Telescope (HST), but their 
radii and periods are about the same. The mass of the 
orbiting body doesn’t matter. This is similar to how objects 
fall at the same rate.
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 Our moon has an orbital radius similar to Jupiter’s Io, but 
has a much greater period. The difference is due to the 
difference in the mass of the central bodies (Jupiter is 
320 times more massive than the Earth).

4. The benefi t of a role playing exercise is in the discussions 
between students before the performance rather than the 
performance itself. The smaller orbits should have shorter 
periods. The orbits should be circular, they are only very 
slightly elliptical, and in the same direction. The mass of 
the orbiting object is irrelevant. You might also want to 
supplement these activities with a computer simulation 
of orbital motion. Two very good ones are provided by 
Physics Education Technology (PhET).

 http://phet.colorado.edu/en/simulation/gravity-and-orbits 
is of objects orbiting Earth and 
http://phet.colorado.edu/en/simulation/my-solar-system 
is of objects orbiting the Sun.

5. Astronomers measure the radius and period of the orbit 
of satellites and use a formula to calculate the mass of the 
central object. Based on this activity, students should be 
able to deduce that astronomers use the orbital radius and 
period to determine the mass. Senior physics students 
should be able to develop the formula from Newton’s law 
of gravity and a formula for circular motion to get:

where, 
M is the mass of the central object (in kg), 
r is the radius (in m), 
T is the time for one orbit (in s), and
G is the universal gravitational constant 
6.67 x 10-11 N m2/kg2.

Activity 4
Dark Matter within a Galaxy

1. and 2. c)

2. b)

3. The “measured” plot is fairly level. The speeds do 
not change much as the orbital radius increases. The 
“calculated” plot shows an inverse relationship. The 
speeds decrease as the orbital radius increases.

To obtain the calculated speeds, we assumed that only 
visible mass exerts a gravitational force on the stars. If 
there was unseen mass within the galaxy, the visible mass 
would underestimate the total mass. Thus, as there is a 
relationship between mass and speed, this would also 
mean that the calculated speeds would underestimate 
the actual speeds (i.e., the measured speeds). So, the 
presence of unseen mass within the galaxy can explain the 
difference between the “measured” and “calculated” plots

4. b)

5. b) Let M
inner

 represent the mass within a radius of 

1.64 x 1020 m. Thus, for r = 1.85 × 1020 m 

 Note: Final answer was obtained by using all of the digits 
present in intermediate answers and not rounding off.

Sp
ee

d 
(×

 1
05  m

/s
) 

Measured Speed

Calculated Speed

Orbital Radius (×1020 m)

1.00

2.00

1 2 3 4 5 6 
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6. It is not reasonable to expect the stars to orbit like planets. 
As the results in the “missing mass” column show, there 
is a great deal of dark matter spread throughout UGC 
11748. Thus, this galaxy’s mass is not concentrated near 
the galactic centre, in contrast to the way the mass of the 
Solar System is concentrated at its centre. As a result, we 
would not expect the orbital speeds of the stars to follow 
the same pattern as the speeds of planets in the Solar 
System.

For spherically symmetric distributions of mass, a spread-
out distribution produces a gravitational fi eld outside of 
the distribution that is identical to the fi eld produced by 
a concentrated distribution with the same total mass. 
However, the gravitational fi eld produced by the spread-
out distribution inside its distribution is different. Thus, the 
gravitational forces acting on objects, such as stars, inside 
the distribution differ from the gravitational forces inside 
the same region for the concentrated distribution. As a 
result, there is a difference between the speeds of objects 
within this region for the two distributions.

7. The measured speeds remain constant as the orbital 
radius increases.The simplest explanation for this is to 
postulate the existence of some kind of mass we cannot 
see (i.e., dark matter). The fact that the mass difference 
increases with increasing orbital radius beyond where most 
of the stars lie indicates that dark matter extends past 
where the luminous mass ends.

Activity 5
Advanced Mathematical Analysis

A. Gravitational Lensing

1. We can solve this problem using the formula

    (5.1)  

  

 where G = 6.67 × 10-11 Nm2/kg2, c = 3.00 × 108 m/s, 
d = 6.96 × 108 m, and M = 1.99 × 1030 kg. 

Orbital 
radius of 
star 
(× 1020 m)

Measured 
speed 
(× 105 m/s)

Calculated 
speed
(× 105 m/s)

Gravitation-
al mass
(× 1041 kg)

Missing
Mass 
(%)

1.85 2.47 2.36 1.69 8.99
2.75 2.40 1.93 2.37 35.2
3.18 2.37 1.80 2.68 42.5
4.26 2.25 1.55 3.23 52.4
6.48 2.47 1.26 5.93 74.0

 Substituting these values into equation 5.1, we obtain

2. One light year is the distance light travels in a year and so 

1 light year

  

Using the equation 

 we have

This mass is equivalent to 5.1 × 1014 or 510 trillion times 
the mass of the Sun.

3. From the formula

  the angle of deviation θ is proportional to the mass of the 
cluster divided by the radius. Given this,

 For a) θ is proportional to 1014/107 = 107.

 For b) θ is proportional to (5 × 1014/3 × 106) =  1.67 × 108.

 For c) θ is proportional to (2 × 1014/4 × 106) =  5.0 × 107.

 Thus the order in terms of highest angle of deviation to 
lowest angle of deviation is b, c, a. 

B. “Seeing” Dark Matter on Earth

4. In solving this problem, let us label the angles of defl ection 
for the WIMP and the germanium nucleus as follows

WIMP 

WIMP Ge 

Ge 

230 km/s 

θ 
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 Using the principle of conservation of energy

    

    (5.2) 

 

 The fi nal energy of the germanium atom is 10 keV which is 
equal to 

 Thus, the germanium atom’s fi nal speed is

  Rearranging equation 5.2 to solve for    , we obtain

  Substituting in values for  m
W
,     and   

Ge
 , we arrive at

  From conservation of momentum in the x direction

    (5.3) 

 From conservation of momentum in the y direction

     (5.4)

 

 As we wish to fi nd θ, let us eliminate  by fi nding 

expressions for sin2  and cos2  from equations 5.3 and 5.4 

and using the identity sin2  + cos2  = 1. 

From equation 5.3

  Squaring both sides, we arrive at

    (5.5)

 

 From equation 5.4

  

 and so

     (5.6)

 

 Adding equations 5.5 and 5.6 together, we obtain 

  
 
                                                      

(5.7)

 Let us now solve this equation for cos θ and then fi nd a 
numerical value for this quantity. Expanding the right-hand 
side of equation 5.7 yields  

 Substituting the following values into equation 5.8 

  we obtain

 Therefore, θ = 41.2 degrees. 

 Thus, a germanium atom with an energy of 10 keV is 
defl ected by an angle of 41.2 degrees downwards from 
horizontal (i.e., 41.2 degrees clockwise from the positive 
x-axis). The WIMP recoils 52.2 degrees counterclockwise 
from the positive x-axis.

(5.8)
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 One light year is the distance light travels in a year: 
9.46 x 1015 m

 Thus,

 Therefore, r
sun

 = 2.57 x 1020 m.

 Substituting this result into the expression above for M
galaxy

4. The simplest explanation for the higher-than-expected 
orbital speeds observed is that the mass within a galaxy 
that exerts a gravitational force on the stars is greater than 
expected. Thus, it seems that physicists’ calculations of 
mass within galaxies based on their brightness are missing 
something (i.e., there is mass that they cannot see that has 
not been included in their calculations).

Activity 6
Dark Matter Lab

1. If the objects are identical and the strings are the same 
length, we can infer that the stopper that is moving faster 
must have a greater mass (i.e., more washers) attached to 
its string.

2. Earth orbits the Sun due to the gravitational attraction 
of the Sun on Earth. The centripetal force F

C
 needed to 

keep Earth in orbit must be equal to the force of gravity F
G
 

exerted on Earth by the Sun.

3. The Sun is held in its orbit by the gravitational force 
produced by the mass of the Milky Way galaxy contained 
within its orbit. Equating the centripetal and gravitational 
forces acting on the Sun
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Institute for Theoretical Physics. She works on 

extra-dimensional theories within cosmology.

DR. CHRIS JILLINGS is an experimental 

physicist working on a dark matter experiment at 

SNOLAB called DEAP (Dark matter Experiment with 

Argon and Pulse-shape-discrimination).

Who are the people in the video?

The status of the contributors below refl ect their positions at the time the video was fi lmed.

PROFESSOR SLAVA MUKHANOV is a physi-

cist at Ludwig-Maximilians University of Munich 

who is extremely well-known as one of the pioneers 

of infl ationary theory. This theory says that the 

universe expanded by a vast amount for a small 

fraction of a second during the early universe.

DR. JUSTIN KHOURY is a cosmologist at 

Perimeter Institute for Theoretical Physics who has 

researched, amongst many other things, an alterna-

tive to the standard big bang / infl ationary theory 

that says that the universe existed prior to the mo-

ment of the big bang (ekpyroptic universe).

ASSOCIATE PROFESSOR UBI WICHOSKI is 

an experimental physicist at Laurentian University. 

After working in theoretical cosmology and cosmic-

ray physics, he is now engaged in two underground 

experiments: PICASSO (Project in Canada to 

Search for Supersymmetric Objects) 

and EXO (Enriched Xenon Observatory). 

NARRATOR - DR. DAMIAN POPE is Senior 

Manager of Scientifi c Outreach at Perimeter 

Institute for Theoretical Physics, Waterloo, Ontario, 

Canada. He holds a PhD in theoretical physics from 

the University of Queensland, Australia, and his 

area of specialty is quantum physics. He also has 

extensive experience in explaining the wonders of 

physics to people of all ages and from all walks of 

life.
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Reference: Corbelli, E. and Salucci, P.: “The Extended Rotation Curve and the 

Dark Matter Halo of M33” Monthly Notices of the Royal Astronomical Society, 

Vol. 311, No. 2, January 2000, pp. 441–7.

Radius (m) Speed (km/s)

1.23 × 1019 37.0 

2.47 × 1019 54.7

3.70 × 1019 67.5

4.94 × 1019 79.1

6.17 × 1019 85.3

7.41 × 1019 89.1

8.64 × 1019 93.1

9.87 × 1019 96.5

1.11 × 1020 99.6

1.23 × 1020 101

1.36 × 1020 103

1.73 × 1020 106

2.11 × 1020 109

2.49 × 1020 117

2.86 × 1020 119

3.24 × 1020 118

3.61 × 1020 120

3.98 × 1020 123

4.38 × 1020 131

4.75 × 1020 136

Appendix A 
Raw Data for Orbital Speeds 
of Stars in Triangulum (M33)
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Appendix B 
Dark Matter Equations and Constants

Description Equation Variables SI Unit

Law of Gravitation F
G
 – force of gravity

G – gravitational constant
M

S
 – mass of Sun

M
P
 – mass of planet

r – orbital radius

N
Nm2/kg2

kg
kg
m

Newton’s 2nd Law F
net

 – net force acting on object
m – mass of object
a – acceleration of object

N
kg
m/s2

Centripetal Acceleration a
C
 – centripetal acceleration

v – linear speed of orbiting object
r – radius of orbit

m/s2

m/s
m

Defl ection of Light θ – angle of defl ection
G – gravitational constant
M – mass of defl ecting body
d – distance from centre of central body
c – speed of light

radians
Nm2/kg2

kg
m
m/s

Kinetic Energy E
K
 – kinetic energy

m – mass of object
v – linear speed of object

J
kg
m/s

Conservation of Kinetic 
Energy

E
K
 – total kinetic energy before event

E
K
’ – total kinetic energy after event

J
J

Kepler’s Third Law T – period of planetary orbit
G – gravitational constant
M

S
 – mass of Sun

a – length of semi-major axis

s
Nm2/kg2

kg
m

Doppler Effect f – apparent frequency
f
0
 – actual frequency

v – speed of sound in air
v

s
 – speed of moving source

Hz
Hz
m/s
m/s

Name Symbol Value SI Unit

Gravitational Constant G 6.67x10-11 Nm2/kg2

Mass of Sun M
S

1.99x1030 kg

Mass of Jupiter M
J

1.90x1027 kg

Semi-major axis of Jupiter (elliptical) a
J

7.79x1011 m

Radius of Jupiter’s orbit (circular) r
J

7.78x1011 m

Speed of Light c 3.00x108 m/s
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