
 

  

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 

Interaction of Energy and Matter Gravity Measurement:  
Using Doppler Shifts to Measure Mass Concentration 

TEACHER GUIDE 

EMR and the Dawn Mission  
Electromagnetic radiation (EMR) will play a major role in accomplishing the goals of the Dawn Mission. The 
Dawn Mission utilizes the interaction of specific ranges of electromagnetic radiation with the matter that 
comprises Ceres and Vesta. The scientific data that results from these interactions will enhance our knowledge 
of the physical characterization of Vesta and Ceres, as well as the surface composition and mineralogy, 
surface modification, and the ages of these surfaces. When this information is incorporated with what is 
already known, it either will substantiate current scientific models of asteroid origins and geologic processes or 
it will form the basis for new models.  

Dawn Mission Objectives 
The mission’s science goals are to understand the conditions and processes in place at the beginning of 
solar system formation. Scientists also hope to gain a new understanding of the role of water in asteroid 
evolution. 

Point Mass versus Mass Distribution 
Short flyby missions at great distances can result in determining the point mass of the body. Point mass is 
used to describe either matter which is infinitely small, or an object which can be thought of as infinitely small. 
When viewed from flyby altitudes, asteroids are “infinitely small.” Since both the gravity and shape models are 
required to determine the make-up of the interior of Vesta and Ceres, the primary gravity science objective of 
the Dawn mission is measuring the mass concentration and the mass distribution of Vesta and Ceres at 
both High Altitude Mapping Orbit (HAMO) and Low Altitude Mapping Orbit (LAMO).   

Table 1. Planned Dawn Spacecraft Mapping Altitudes 
Survey Altitude HAMO Altitude LAMO Altitude 

Vesta 2700 km 950 km 460 km 
Ceres 6400 km 1800 km 1180 km 

Although we will be focusing on mapping Vesta’s mass concentration in this activity, you may want to show 
students this table of mapping altitudes for both Vesta and Ceres to illustrate how the difference in the 
asteroids’ gravity affects the projected mapping altitudes of the Dawn spacecraft. 

As it travels toward the asteroid belt, the Dawn spacecraft is moving nearly 4 light seconds (1.1 million km) 
away from the Earth/day. To put this in perspective, it is moving away from the Earth a distance equal to 
that between the Earth and its moon every 8 hours. 
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Communications System on the Dawn Spacecraft 
The radio aboard the Dawn spacecraft is the communication center for the mission. Each week the controllers 
on distant Earth communicate with the spacecraft. During the communications sessions, detailed data are 
received on the performance of its subsystems from the previous week. Reports of voltages and currents, 
temperatures and pressures, and myriad other parameters allow engineers to determine how well the ship has 
been doing and how to keep it sailing as smoothly as possible. Mission controllers use the radio to upgrade the 
software and to command changes in flight configurations and to receive scientific data from the instruments 
aboard the spacecraft. 

Dawn Gravity Science 
When the spacecraft reaches the asteroid belt, the telecommunications system on the Dawn Spacecraft will 
take on another role in the mission. A gravity estimation technique called mass concentration will utilize 
Doppler shifts in the spacecraft’s radio signals to measure gravity perturbations as it orbits Vesta and Ceres. 
These Doppler shifts will then be used to make “gravity maps” of their mass concentrations. 

Radio waves 
Radio waves are a form of EMR with wavelengths about 103 meters and frequencies ranging from 104 to 108 

Hz. Because radio waves are a form of EMR, the wavelength (λ) of the radiation times the frequency (ν) of the 
radiation always equals the speed of light (c), or (3.00 x 108 m/s). 

λ X ν = c 

Radio waves are affected by Doppler shift, a phenomenon that we are familiar with as a change in pitch 
(frequency) in sound waves as the emitter moves with respect to the observer. The speed of light (and 
therefore radio waves) is much greater than that of sound, so Doppler shifts in radio waves are quite small. 

Dawn’s telecommunications system allows the spacecraft to exchange information with Earth, even at 
enormous distances. The spacecraft's main antenna is 1.52 meter (5 feet) in diameter. Three smaller 
antennas allow communications when it is not possible or not convenient to point the large dish at Earth. 
Dawn will communicate with mission controllers through the 34-meter (112-foot) or 70-meter (230-foot) 
antennas of NASA's Deep Space Network (DSN) in California, Spain, and eastern Australia. For more 
information on DSN, visit: http://deepspace.jpl.nasa.gov/dsn/ 

Doppler Shifts and Principal Noises 
The spacecraft’s motion as it orbits either Vesta or Ceres will cause Doppler shifts in the frequency of radio 
signals due to orbital path. As it moves toward the “observer”, which in this case is a sensitive antenna of 
NASA’s Deep Space Network (DSN), a “blue shift”—an increase in the frequency of its radio signal—will occur. 
As the spacecraft moves away from the “observer”, there will be a lower-frequency “red shift” in the radio wave 
frequency. 

Other fluctuations in the Dawn spacecraft’s radio wave frequencies, called principal noises, can be caused by 
two things: 

• random errors in the hardware systems in the instrument payload or 
• solar wind, plasma streaming out from the Sun’s corona throughout interplanetary space. 

After these shifts and other “noises” have been subtracted and/or calibrated out, fluctuations as small as 1/10th 

mm/sec in the Dawn’s radio signal frequency can be detected, even when the spacecraft may be traveling at 
velocities of thousands of km/hr and when it may be located hundreds of thousands km away from Earth. 
These residual Doppler shifts can be used to measure gravity perturbations as the Dawn spacecraft orbits 
Vesta and Ceres. 
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Using Residual Doppler Shifts to Measure Mass Concentration and Mass Distribution 
The primary gravity science objective of the Dawn mission is to determine the make-up of the interior of Vesta 
and Ceres. To do this we must establish the 

•	 mass concentration, an excess or deficiency in the distribution of mass on or beneath the surface of an 
object, and 

•	 mass distribution, that is, the spatial distribution of that mass.  

Since we cannot directly measure the mass of an object in space, such as Vesta or Ceres, we must measure it 
indirectly by determining the object’s gravity. 

An Example of Newton’s Second Law of Motion 
The motion of the Dawn spacecraft is an excellent application of Newton’s Second Law of Motion. You may 
want to review the concept with your students or introduce the law to those who have not studied it.  

As it collects data, the Dawn spacecraft will move in a curved orbit around either Vesta or Ceres. To maintain 
that curved path, the Dawn spacecraft must use the mutual gravitational attraction between itself and the 
asteroid it is orbiting to supply its centripetal acceleration. 

The force of gravity (F) is equal to the mass (m) of an object times its acceleration (a), F = ma. Any increase 
in the mass concentration on or under the surface of an asteroid will exert an extra gravitational force on the 
orbiting spacecraft, causing additional centripetal acceleration of the spacecraft.  Conversely, a decrease in 
mass concentration will cause a decrease in gravitational force on the spacecraft, and, therefore, a decrease in 
the centripetal acceleration of the spacecraft. 

Applying Newton’s Second Law to Gravitational Forces 
If an object is moving in a circular path at a constant speed, its velocity is constantly changing direction. If 
that object is accelerating, there must be a net force acting on the object in the direction of the acceleration, 
which in this case is towards the center of the circle—centripetal acceleration. For a ball on a string, the 
tension in the string supplies the centripetal force. For an orbiting spacecraft, gravity is the centripetal force. 

Doppler Shifts and Line-of-Sight Velocity 
Doppler shifts actually measure the component of velocity that is along the line-of-sight, that is, the 
component that is parallel to a line from that body to an “observer” or reference point. So we can use these 
changes in line-of-sight velocities to map the mass concentration and mass distribution of Vesta and Ceres. 
It is estimated that the line-of-sight velocities of the Dawn spacecraft will vary between a minimum of 182 m/s 
and a maximum of 207 m/s. 

Doppler shifts caused by changes in gravity as the spacecraft orbits Vesta and Ceres, will usually correlate 
with topographical changes; that is, gravity highs usually accompany mountains and gravity lows usually 
accompany valleys. However, high density is sometimes a subsurface feature; in this case, there may be no 
surface feature change accompanying this density change.    

In this activity, your students will use some simulated, but realistic, data that correlates with a shape model and 
simulated surface of Vesta (see Figure 1 of the student activity sheet), one of the asteroids that the instruments 
on the Dawn spacecraft with be mapping. These data include the latitude and longitude coordinates of data 
points at which a change in the line-of-sight velocity of the spacecraft was determined by Doppler shifts. By 
mapping and connecting data points having the same velocity, they can identify areas of relatively high and low 
mass concentrations. 
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Materials 
Note: Handouts can be found on the Dawn website at: http://dawn.jpl.nasa.gov/DawnClassrooms/ 

•	 Gravity Measurement PowerPoint presentation from the Interaction of Energy and Matter: Dawn 
Instrumentation module found 

•	 Student Text: Gravity Mapping: Measuring Mass Concentration 
•	 Student Activity: Gravity Mapping: Measuring Mass Concentration 
•	 Colored pencils or markers: green, yellow, orange, red, turquoise, blue, purple 

Procedure for Using the Student Text: Gravity Mapping: Measuring Mass Concentration 
Your students will need the background information that is found in this student text prior to working on the 
Student Activity Gravity Mapping: Measuring Mass Concentration. 

You may use the student text handout:  
a) as a reading assignment prior to the student graphing activity; or, 
b) as a handout for your students to follow as you discuss the background information in the handout 

during a class period prior to the student activity. The underlying concepts that are essential to your 
students’ understanding of this activity include: 

• Radio waves are a form of electromagnetic radiation  
• Doppler shifts as they apply to radio waves 
• Newton’s Second Law of Motion 
• Gravity 

Procedure for Using the Simulations and Student Activity with Whole Class  
1. Use the Gravity Measurement PowerPoint presentation from the Interaction of Energy and Matter Dawn 

Instrumentation module to introduce your students to: 
a) the pattern that the Dawn spacecraft orbit path will take to map the surface area of the fast-rotating 

Vesta; and 
b) the mapping of data points representing changes in spacecraft line-of-sight velocities (Doppler 

shifts). 

You will find a suggested script for each screen and cues for controlling the forward progess of the 

presentation.
 

2. Start the Gravity Measurement PowerPoint presentation. 
Electromagnetic radiation (EMR) will play a major role in accomplishing the goals of the Dawn Mission. The 
Dawn Mission will utilize the interaction of specific ranges of electromagnetic radiation with the matter that 
comprises Ceres and Vesta. 

[If you have used any of the materials related to the Dawn Mission Instrumentation—Framing Camera, VIR, or 
GRaND—remind students of what they have learned regarding the operation of those instruments and the 
region of EMR that they utilize.] 

3. 	 {click} to Screen 2 {click on image} 
Show the simulation in its entirety without stopping. Repeat it as necessary by clicking on the image of 
Vesta. 
In this simulation you see a Vesta model rotating on its short axis while the Dawn spacecraft completes a 
pole-to-pole orbit above the protoplanet. As you watch this movie, please remember that: 

1. 	 The surface features of the Vesta model shown are only simulations of what we can expect to find on 
the Vesta’s surface. 

2. 	 The “scanner” that appears to be eminating from the spacecraft is again the artist’s conception of the 
surface region that the Dawn instrument package may be monitoring during the spacecraft’s orbit. 
There is nothing in the instrument package that will be moving from side to side during the orbit. 

3. 	 The rate of the Vesta’s rotation during the spacecraft’s orbit may not be accurate. We know that 
Vesta rotates once every 5.34 hours. This is about 4.5 times faster than the Earth’s rotation.  
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Once it reaches Vesta, the Dawn spacecraft can assume one of three science orbits: 
1. 	 In Survey Orbit, the spacecraft will complete an orbit every 68 hours. So in this very high level orbit, 

Vesta will rotates almost 13 times while Dawn makes just one orbit. 
2. 	 In High Altitude Mapping Orbit (HAMO), the Dawn spacecraft will orbit Vesta every 11–12 hours. 
3. 	 In Low Altitude Mapping Orbit (LAMO), Vesta will complete only ¾ of a rotation during one orbit of 

the Dawn spacecraft. 

Ask the following questions (possible answers are in brackets): 
a. 	 As you watch simulation, can you determine which of these three science orbits may be simulated? 

[Probably the HAMO] 
b. 	 Dawn will be in a polar orbit around Vesta, moving purely north to south. Does it appear that ground 

track of the spacecraft is on a path from the south pole to the north pole? [You may have to show 
the simulation more than once so that students can see that, although the spacecraft is on a polar 
orbit, the ground track is not.] 

4. 	 {click outside the animation screen} to go to Screen 3 
The Dawn project members use an analysis tool called Science Opportunity Analyzer (SOA) to plan 
observations made by the spacecraft instruments. This picture shows one example of how images might 
be acquired at Vesta during the High Altitude Mapping Orbit (HAMO). 

The figure shows the current Vesta shape model. The overall shape is real but the craters are not. 

The Dawn ground track on the Vesta surface is colored green. Dawn will be in a polar orbit around Vesta 
moving purely north to south. 

Why then do the lines marking the ground track appear inclined to the pole? 

[The reason is the very rapid spin rate of Vesta. If Dawn was placed in a polar orbit around Mars, the 
ground track would very be nearly parallel to the meridians (lines of longitude). However, Vesta is spinning 
much more rapidly than Mars (or the Earth). This rapid spin motion of the surface creates a ground track on 
Vesta that is diagonal—as though the orbit plane was inclined by about 45 degrees.] 

Note that there are gaps in surface coverage between the images in the first and second orbits. These 
gaps would be filled in by data acquired in later orbits. 

5. 	 {click} to Screen 4 
Handout copies of: 
Student Activity: Gravity Mapping: Measuring Mass Concentration 
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Introduce the Student Activity 
In this activity, you will use some simulated (yet realistic) data that correlates with this shape model and 

simulated surface of Vesta, one of the asteroids that the instruments on the Dawn spacecraft will be mapping. 

These data include the latitude and longitude coordinates of data points at which a change in the line-of-sight
 
velocity of the spacecraft was determined by Doppler shifts. By mapping and connecting data points having the 

same velocity, we can identify areas of relatively high and low mass concentrations.
 

You will make a gravity map of the surface of Vesta by plotting the data points in Table 1 on a full-size copy of 

Figure 1, which shows latitude and longitude lines on a model surface of Vesta. Use a different colored 

pen/pencil for each of the different spacecraft velocities.
 

For example, the data for both Area 1 starts with data points of 12 degrees longitude and 3 degrees latitude at 

line-of-sight velocities of 195 m/s. Let’s plot that data point in green on the Vesta surface map.  {click} 


Now let’s plot the next data point at 2 degrees longitude and -1 degrees latitude in green {click} and connect 

the points with a green line. {click} 


Plot the rest of the data points for 195 m/s velocity.
 
The next set of data points represent line-of-sight velocities of 200 m/s. Plot them in yellow and connect them 

with yellow lines. 


When you have completed all the data points, start plotting the data points for Area 2. Plot the first data point,­
95 degrees longitude and 15 degrees latitude. {click} Then the next data point, -90 degrees longitude and 8 

degrees latitude. {click} And connect them with a green line. {click} 


Ask for questions about reading the longitude and latitude grid. You may wish to leave this PowerPoint screen
 
up so that students can use the examples as they complete the graphing section of the activity. 


After students have completed their data plots and colored fills, allow time for them to consider the answers to 

the analysis questions in the student activity. You will be using these questions in a follow-up discussion 

session.
 

6. 	 During the follow-up discussion, ask for students’ interpretation of the velocity changes (or Doppler shifts in 
radio signals) in terms of increasing or decreasing mass concentrations by answering the following 
questions about Area 1 and Area 2: 
a) Area 1—defined by -8 to 40 degrees longitude and +3 to -30 degrees latitude.   

1) 	 How does the line-of-sight velocities change as you move from the outer to the inner regions of 
this area? 
[The velocities increase.] 

2) What does this change indicate regarding the mass concentration in this area with respect to 
that on either side of the area? 
[This indicates that there is more mass concentration in the center of the area than there is 
outside the area.] 

3) What might this change in mass concentration indicate in terms of the topography of the area 
with respect to that on either side of the area? 
[This might indicate an elevation in the topography of the area.] 

4) Why might the change in line-of-sight velocities of the spacecraft not be an indicator of a change 
in the topography of Vesta’s surface in this area? 
[The greater mass concentration may be subsurface rather than a change in surface 
topography.] 
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b) Area 2—defined by -40 to -95 degrees longitude and +35 to +7 degrees latitude. 
1) 	 How does the line-of-sight velocities change as you move from the outer to the inner region of 

this area? 
[The velocities decrease.] 

2) What does this change indicate regarding the mass concentration in this area with respect to 
that on either side of the area? 
[This indicates that there is less mass concentration in the center of the area than there is 
outside the area.] 

3) What might this change in mass concentration indicate in terms of the topography of the 
area with respect to that on either side of the area? 

[This might indicate a depression in the topography of the area.] 

4) Why might the change in line-of-sight velocities of the spacecraft not be an indicator of a change 
in the topography of Vesta’s surface in this area? 
[The decrease in mass concentration may be subsurface rather than a change in surface 
topography.] 

c) Can you make any inferences about the Dawn spacecraft’s line-of-sight in the space between the two 
areas of Vesta’s surface for which we have no data measurements? Why or why not?  

[No. There is no way to extrapolate mass concentration data points because no trends outside 
the data point sets are indicated.]  

What additional information would you need to know before you could make inferences regarding this 
space? 

[More line-of-sight velocities as the spacecraft moved over this space.] 

7. 	 Turn on PowerPoint presentation to Screen 5.  

Use the graphs below to check students’ work and to compare student data to the Vesta Gravity Map on 
Screen 5. 
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This graph corresponds to the high density region, 0 to 30 degrees longitude and -10 to -40 degrees latitude in 
Thomas’ Vesta Gravity Map. 
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This graph corresponds to the low density region -60 to -90 degrees longitude and 15- to 45 degrees latitude in 
Thomas’ Vesta Gravity Map. 

Tell students that they have just made a gravity map like those that scientists make. Have them compare their 
gravity maps with the Vesta Gravity from Uniform Density on the screen by asking the following questions. 
Possible answers are in brackets. 

a) How is your gravity map similar to the Vesta Gravity map in the handout? 
[Two of the axes of the Vesta Gravity map are Latitude and Longitude (in degrees). 
Areas of the map are colored in the same colors that the students’ line-of-sight velocity plots are 
colored.] 
[The increased acceleration are the same colors (yellow to orange to red) as the increased 
velocities and the decreased acceleration are the same colors (turquoise to blue to purple) as the 
decreased velocities.] 

b) 	 How is it different? 
[The third axis of the Vesta Gravity map is acceleration, rather than line-of-sight velocity like the 
students’ maps. 
The students’ plots are made on a surface image of Vesta rather than on graph paper. 
The range of latitude and longitude is greater in the Vesta Gravity map than in the students’ mass 
concentration plots. All the surface area of Vesta is mapped in the Vesta Gravity map.] 

c) 	 How much and what type of data would we need to do a gravity mapping of Vesta similar to that in 
this handout? 
[We had fewer than 70 data points to plot in very small areas on one surface of Vesta. We would 
need many more data points from not only this surface but the other face of Vesta to make a 
complete mass concentration map.] 
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8. 	 Continue the discussion by asking questions similar to: 
a) Does the Vesta Gravity from Uniform Density Handout give you any more information regarding the 

relationship between the mass concentrations areas and the topography of Vesta than you could 
tell from plotting the data in Table 1? 
[No, because we still cannot tell whether these changes in mass concentrations are related to 
surface topography or subsurface phenomena.] 

c) What do you need to know to overcome these limitations? 
[To give you some clues as to what is causing these differences in mass concentration, it would be 
helpful to know something about the mineral composition (and their densities) of the different 
areas.] 

d) 	 Where could we find this information? 
[If your students have studied the instruments in the Dawn spacecraft—GRaND, VIR, and the 
Framing Cameras—they should have some ideas about what kind of information each of these 
instruments can give us as we study the surface and subsurfaces of Vesta and Ceres.]  

e) And, if the information from the Dawn mission leaves us with more questions about the composition 
and evolution of Ceres and Vesta, what then? 
[Ground truth of these bodies including a lander or human exploration might be required.] 
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Definition of Terms 

Acceleration—The change in velocity of a body with respect to time 
Centripetal acceleration—Property of the motion of an object traveling in a circular path. Centripetal 
describes the force on the object, directed toward the center of the circle, which causes a constant change in 
the object's direction and thus its acceleration. The magnitude of centripetal acceleration (a) is equal to the 
square of the object's velocity v along the curved path divided by the object's distance r from the centre of the 
circle, or a = v2/r. 
Doppler Shift—The change in frequency of a wave for an observer moving relative to the source of the wave. 
Red shifts are moving away from the observer and blue shifts are moving towards the observer 
Electromagnetic radiation (EMR)—“Waves” of electrical and magnetic "disturbance", radiated as visible light, 
radio waves, or any other manifestation of the electromagnetic spectrum. 
Force—A quantity that changes the motion, size, or shape of a body 
Gravity—An attractive force proportional to the mass of the bodies 
Latitude—The imaginary lines that denote the distance north or south of the equator of a body. Their angular 
distance (in degrees) is measured from the equator of Vesta with positive values going north and negative 
values going south 
Line of sight velocity—The component of the velocity of a body, such as a spacecraft, that is parallel to a line 
from an observer or reference point to that body 
Longitude—The imaginary lines drawn through the North and South Poles of a body, such as the Earth or 
Vesta. Their angular distance (in degrees) is measured from a prime meridian with positive values going east 
and negative values going west 
Mass—The quantity of matter in a body 
Mass concentration—An excess or deficiency in the distribution of mass on or beneath the surface of an 
object 
Mass distribution—The spatial distribution of mass within a solid body 
Matter—Any substance that has mass and occupies space 
Newton’s Second Law of Motion—The strength of a force (F) is equal to the amount of mass (m) involved 
multiplied by any acceleration (a) applied to it, or F = ma 
Perturbation—The complex motion of a massive body which is subject to appreciable gravitational effects 
from more than one other massive body 
Point Mass—Used to describe either matter that is infinitely small or an object that can be thought of as 
infinitely small (as when the distances between things are much larger than the dimensions of the things 
themselves). When viewed from flyby altitudes, asteroids are “infinitely small.” 
Principal noises—Background noise in the signal from the Dawn spacecraft that must be calibrated out in 
order to obtain accurate measurement of gravity perturbations 
Radiation—Energy that comes from a source and travels through some material or through space. Light, heat, 
and sound are types of radiation 
Radio Waves—Radio waves have the longest wavelengths in the electromagnetic spectrum. These waves 
can be longer than a football field or as short as a football, with wavelengths about 103 meters and frequencies 
ranging from 104 to 108 Hz 
Solar wind—The solar wind streams off of the Sun in all directions at speeds of about 400 km/s (about 1 
million miles per hour). The source of the solar wind is the Sun's hot corona. The temperature of the corona is 
so high that the Sun's gravity cannot hold on to it. 
Topography—The heights of features on the surface 
Velocity—The speed and direction in which a body moves 
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