
Momentum of Exoplanets
Purpose
The purpose of this lesson is to have students apply Newton’s third law of motion and
conservation of momentum to planetary systems. Students will learn about how scientists can
use the wobble of stars to find exoplanets.

Audience
This lesson was designed to be used in an introductory high school physics course.

Lesson Objectives
Upon completion of this lesson, students will be able to:

ஃ apply Newton’s third law of motion and conservation of momentum to describe the motion of
planetary systems.

ஃ describe how scientists use the wobble of stars to detect exoplanets.

Key Word
exoplanet

Big Question
This lesson addresses the Big Question “What does it mean to observe?”

Standard Alignments
ஃ Science and Engineering Practices

SP 5. Using mathematics and computational thinking

ஃ MA Science and Technology/Engineering Standards (2016)

ஃ HS-PS2-10(MA). Use algebraic expressions and Newton’s laws of motion to predict
changes to velocity and acceleration for an object moving in one dimension in various
situations.

ஃ HS-PS2-3. Apply scientific principles of motion and momentum to design, evaluate, and
refine a device that minimizes the force on a macroscopic object during a collision.

ஃ NGSS Standards (2013)

HS-PS2-2. Use mathematical representations to support the claim that the total momentum
of a system of objects is conserved when there is no net force on the system.

Misconception Addressed
ஃ This lesson addresses the common misconception about momentum that velocity is

conserved in a system (Question 6).
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ஃ Further information about student misconceptions on this topic can be found here and here.

Primary Sources
ஃ Bite “Using Wobbly Stars to Discover New Planets” based on:

Christiansen, Jessie L., Andrew Vanderburg, Jennifer Burt, B. J. Fulton, Konstantin Batygin,
Björn Benneke, and John M. Brewer et al. 2017. "Three’S Company: An Additional
Non-Transiting Super-Earth In The Bright HD 3167 System, And Masses For All Three
Planets". The Astronomical Journal 154 (3):122. doi:10.3847/1538-3881/aa832d.

ஃ Misconceptions

ஃ Hestenes, David, Malcolm Wells, and Gregg Swackhamer. 1992. "Force concept
inventory." The Physics Teacher 30(3):141–58. doi:10.1119/1.2343497.

ஃ Singh, Chandralekha, and David Rosengrant. 2003. "Multiple-choice test of energy and
momentum concepts." American Journal of Physics 71(6):607–17.
doi:10.1119/1.1571832.

Materials
Copies of Student Handout and Science Bite for each student

Time
This lesson should take approximately one 50-minute class period.

Student Prior Knowledge
Students must be familiar with gravitational force, Newton’s third law of motion, and
conservation of momentum.

Instructions and Teacher Tips
ஃ General Procedure

ஃ Have students read the introduction on the student document and answer Questions
1–4. Review the answers as a class.

ஃ Have students read the Science Bite on their own or in pairs or groups.

ஃ Have students answer Questions 5–7 and review the answers as a class.

ஃ Tips, Extensions, and Variations

ஃ As noted in the Bite, astronomers also use the light curves from the transit of exoplanets
in order to study the exoplanets. BiteScis has another lesson (“Spectroscopy and the
Wave-Particle Duality of Light”) devoted to how scientists can learn about planets using
this method.

ஃ After students have read the introduction, you can show this short animation of a star
wobbling due to the interaction with an orbiting planet.
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ஃ The radial velocity method of exoplanet detection involves looking at the Doppler shift of
light emitted from the stars. If you have already discussed light waves and Doppler shift
with students, this is an excellent example of how astronomers use it to their advantage.
Please see this article in Universe Today for a detailed account of how the radial velocity
method works.

Background Information and Research Details
ஃ Since the first discoveries of stars outside our Solar system in the early 1990’s, astronomers

have rapidly discovered thousands more planets. Exoplanet science has emerged as one of
the most exciting and dynamic domains within astronomy. Early on, most discoveries were
made using the radial velocity method, and most of the planets found were so-called “hot
Jupiters,” which are very massive planets orbiting very near to their host stars, where the
radial velocity signature is largest. BiteScis has another lesson, “Forces and Planetary
Winds” that discusses these “hot Jupiters” in more detail. More recently, more planets have
been found with the transiting method, which allows for large surveys where instruments like
Kepler can monitor many stars simultaneously to watch for the dips of a transit event. As
time goes on, astronomers’ instruments are becoming more sensitive to detecting relatively
low mass planets on relatively high-distance orbits like the Earth.

ஃ Astronomers use spectrographs to make precise measurements of the brightness of a
source at many different wavelengths. These could be wavelengths of visible light or other
parts of the electromagnetic spectrum, like infrared and ultraviolet or even radio and X-ray.
Because different chemical species have characteristic emission and absorption patterns at
different wavelengths, spectroscopy is a valuable tool for understanding the chemical
composition of stars, galaxies, and other astronomical sources. Because of the Doppler
effect, which causes the light from moving sources to be shifted to bluer or redder
wavelengths, spectroscopy can also be made to measure the precise velocity of different
sources.

ஃ When astronomers study extrasolar planetary systems, they don’t get to measure the orbital
speed directly. Instead, they measure the planet’s radial velocity, which quantifies how fast
the planet is moving towards or away from us (the observers on Earth). Depending on how
the planetary system is tilted towards us, the full orbital velocity of the planet may be pointed
towards us at a certain location in the orbit, meaning that the radial velocity equals the
orbital velocity, but usually it is lower and may even be zero.

Figure 1. Diagram of the
Geometry of a Planetary Orbit.
The observer on Earth only
observes the component of the
orbital velocity in the direction
pointed towards Earth.
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ஃ The Doppler effect mentioned above can only be used to measure the velocity of a source
along the line of sight, the direction towards or away from the astronomer on Earth. If a
planet is orbiting a distant star on a plane that is perpendicular to our line of sight, we will
see no impact on the radial velocity. The more inclined the plane is towards the
perpendicular, the weaker the radial velocity signature will be.

Big Question Discussion
This lesson should get students thinking about the Big Question “What does it mean to
observe?” In particular, how does making multiple different types of observations help you
develop a more complete understanding of a phenomenon? If you choose to delve into the Big
Question, consider the following idea:

After students answer the last question on the Student Handout, you can have them discuss the
Big Question using the following prompt: Many astronomers work to develop new ways of
making observations. Why is this important to astronomy and to our understanding of the
universe? Can you think of an example of when you observed something in a new way? How
did that change your perspective?

Answers
1. Earth causes the sun to wobble, but only a very small amount. To explain this phenomenon,

a student writes, “The sun exerts a gravitational force on the Earth and the Earth exerts a
gravitational force on the sun, but since the sun is much more massive than Earth, the force
from the sun on the Earth is much larger than the force from the Earth on the sun.”

Do you agree or disagree with the student? Explain your answer.

I disagree with the student. From Newton’s third law we know that the forces must be equal. The
sun is more massive, so the effect of that force is less noticeable.

2. Draw the force of the sun on the Earth and the force of the Earth on the sun on the diagram
below (not to scale). Be sure to correctly represent the relative magnitudes and directions of
the forces.
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3. The orbital velocity of the Earth around the sun is about 30,000 m/s. The sun is about
300,000 times more massive than the Earth. Neglecting the presence of other planets or
masses, the conservation of momentum guarantees that the sun and Earth will have equal
and opposite momentum at any given time as the total momentum of this system is
0 kg m/s.•

a. Calculate the orbital velocity of the sun as induced by the gravitational pull of the Earth.
Show your work and include units in your answer.

The momentum of the Earth and the sun must be equal and opposite in order for the total
momentum to equal 0. If the Sun is 300,000 times more massive, its velocity must be 300,000
times less than the Earth’s:

30,000
300,000 = 0. 1 𝑚/𝑠

b. The planet Jupiter is about 300 times the mass of the Earth. If Jupiter were to suddenly
replace the Earth in its orbit, how much higher or lower would the magnitude of the
orbital velocity that Jupiter induces on the Sun be compared to what Earth induces on
the sun?

Since Jupiter is 300 times the mass, it would induce a velocity that is 300 times greater.

4. The first exoplanet scientists discovered was orbiting a star called 51 Peg. 51 Peg has a
mass of 2.208 × 1030 kg, while the planet orbiting it has a mass of 8.7336 × 1026 kg.
Assuming the system consists only of the planet and 51 Peg, if the planet induced a
maximum wobble of 50 m/s on 51 Peg, what is the approximate velocity of the planet around
51 Peg?

The total momentum of the system must equal 0. Therefore the magnitude of the momentum of
the planet must equal the magnitude of the momentum of the star:

50 𝑚/𝑠 × 2. 208 × 1030 = 𝑣 × 8. 7336 × 1026

𝑣 = 126, 408 𝑚/𝑠

Using Wobbly Stars to Discover New Planets

5. Imagine a star system that contains just one star and one planet. At any given instant, is the
velocity of the planet in the same direction or opposite direction of the velocity of the star?
Hint: Consider the conversation of momentum—just like the sun and Earth, the total
momentum of the system must be 0 kg m/s.•

The velocity of the star must be in the opposite direction as the velocity of the planet, because
the two momenta must add up to 0. In order for the two momenta to sum to 0, one momentum
needs to be positive and the other needs to be negative. If the momenta are the opposite sign,
they must be in opposite directions.
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6. The star discussed in the Bite, HD 3167, has a mass of 1.71 × 1030 kg.  Scientists were able
to determine the masses of the planets orbiting HD 3167 using the methods discussed in the
Bite. Table 1 provides the mass and velocity of two of the planets orbiting HD 3167. Mass
and velocity data for the third planet are not available.

Planet Mass (kg) Velocity (m/s)

HD 3167 b 5.84 × 1025 65,400

HD 3167 c 2.99 × 1025 206,000

Table 1. The Mass and Velocity of Two Planets Orbiting HD 3167.

a. What is the momentum of HD 3167 b?
𝑝 = 𝑚𝑣 = 5. 84 × 1025𝑘𝑔 • 65, 400 𝑚/𝑠 = 3. 82 × 1030𝑘𝑔 • 𝑚/𝑠

b. When scientists were measuring the wobble of HD 3167 caused by HD 3167 b, what is
the maximum velocity of the wobble that they could expect to measure? Hint: Simplify
your system to just HD 3167 and HD 3167 b and consider conservation of momentum.

𝑝
𝐻𝐷 3167

+ 𝑝
𝐻𝐷 3176 𝑏

= 0

𝑝
𝐻𝐷 3167

=  − 𝑝
𝐻𝐷 3176 𝑏

𝑚
𝐻𝐷 3167

𝑣
𝐻𝐷 3167

=  − 𝑚
𝐻𝐷 3176 𝑏

𝑣
𝐻𝐷 3176 𝑏

𝑣
𝐻𝐷 3176

=
−𝑚

𝐻𝐷 3176 𝑏
𝑣

𝐻𝐷 3176 𝑏

𝑚
𝐻𝐷 3176 

= −3.82×1030𝑘𝑔•𝑚/𝑠

1.71×1030𝑘𝑔
=  − 2. 23 𝑚/𝑠

The answer is negative, because the star’s velocity is in the opposite direction of the planet’s
velocity.

c. When scientists were measuring the wobble of HD 3167 caused by HD 3167 c, what is
the maximum velocity of the wobble that they could expect to measure?

𝑝
𝐻𝐷 3167

+ 𝑝
𝐻𝐷 3176 𝑐

= 0

𝑝
𝐻𝐷 3167

=  − 𝑝
𝐻𝐷 3176 𝑐

𝑚
𝐻𝐷 3167

𝑣
𝐻𝐷 3167

=  − 𝑚
𝐻𝐷 3176 𝑐

𝑣
𝐻𝐷 3176 𝑐

𝑣
𝐻𝐷 3176

=
−𝑚

𝐻𝐷 3176 𝑐
𝑣

𝐻𝐷 3176 𝑐

𝑚
𝐻𝐷 3176 

= −(2.99×1025𝑘𝑔)(206,000 𝑚/𝑠)

1.71×1030𝑘𝑔
= −6.16×1030𝑘𝑔•𝑚/𝑠

1.71×1030𝑘𝑔
=  − 3. 60 𝑚/𝑠

The answer is negative, because the star’s velocity is in the opposite direction of the planet’s
velocity.
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A student says, “The planet HD 3167 b travels at 65,400 m/s around the star HD 3167. If we
consider only HD 3167 b and HD 3167 in our system, the total momentum must be conserved,
therefore the star must also have a velocity of 65,400 m/s, but in the opposite direction of the
planet.”

d. Based on your calculations is the student correct?

No, the velocity I calculated is much smaller.

e. What misconception does the student have?

The student thinks that velocity is conserved, but really momentum is conserved. They haven’t
taken into account the difference in mass.

7. Connect to the Big Question. In order to develop a better understanding of exoplanets,
scientists need to use multiple observations. What types of observations were discussed in
the Bite that help us get a more complete picture of an exoplanet? How do you use multiple
observations of one object in your everyday life to get a better understanding of the object?
Compare how scientists use multiple observations to how we use multiple senses.

The Bite discusses using measurements of a star’s wobble and the decrease in brightness of a
star as a planet travels around it in order to gather information about an exoplanet. I can use my
sense of touch, smell, and sight to get a better understanding of everyday objects. For instance,
I might see a piece of food that has been left out. I would look to see if it has any mold, I could
touch it to see if it feels soft and smell it to see if it smells bad. Scientists use multiple
observations in order to better understand the nature of things like planets and stars. They can
get different information about an exoplanet from looking at a star’s wobble than when they
study the decrease in a star’s brightness because of the exoplanet just like I can get different
information about a piece of food through my sense of sight, smell, and touch.
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