
	  
	  
This exercise has been originally prepared by Roger Ferlet (IAP) and Michel and Suzanne Faye, who 
tested it in high schools. It has been subsequently updated by Stefano Bertone, Gilles Chagnon and 
Anne-Laure Melchior. 

In this exercise, we explain how an invisible companion 
orbiting its parent star can be detected using precise 
measurement of the star’s velocity. The radial-velocity 
method uses the fact that a star with a companion will be in 
orbit around the center of mass of the system. The goal is 
thus to measure its radial velocity variations, when the star 
moves towards or away from Earth. The radial velocity can 
be deduced from the displacement of the stellar spectral 
lines, due to the Doppler effect. 

Spectroscopy	  
Stars emit a continuum spectrum due to nuclear reactions, with absorption lines originating in their 
photosphere. We shall study 11 spectra of a binary star, at different dates. We will focus on the part of 
the spectrum around the sodium (Na) lines. Note that there are easy experiments, which can be done 
with Na light or with ordinary kitchen salt. 

 
 

1. There are 11 images, named images_radialvel/fic01.fit to fic11.fit, taken at different dates as 
shown in the table below. Open these images with SalsaJ: File/Open an image or click on the 

Spectrum 
number 

Date ( days) Spectrum 
number 

Date ( days) Spectrum 
number 

Date ( days) 

1 0 5 3.970746 9 7.978645 
2 0.974505 6 4.886585 10 8.973648 
3 1.969681 7 5.924292 11 9.997550 
4 2.944838 8 6.963536   

Detection of extrasolar planets: 
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The glass rod contains NaCl; when highly heated, it produces Na light that absorbs the light from 
Na spectral lamp, whereas the torch light looks unchanged. This phenomenon is called Na lines 
resonance. 
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icon Open Image File.         Each object in a binary system moves around the barycenter. Thus, 
the spectral lines move accordingly and exhibit a Doppler shift, which varies with time. It is 
possible to select the 11 images and to open them directly. 

2. Put these 11 images into a stack to perform an animation with Image/Stacks/Images to Stack. 
Then Image/Stacks/Start Animation (Stop Animation).  

 

 
 

3. Enjoy the animation. Then, close it with File/Close or Plugins/Macros/Close All images 
windows. 
 

4. We will now work on the spectra. Use File/Open a spectrum to open the spectrum 
images_radialvel/fic01.fit. This is the first spectrum.  

 

 
 

5. Check that the X axis displays the wavelength. If not, click on Set Scale and select Wavelength. 
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Doppler	  shift	  measurements	  
	  

6. Copy and rename the Excel file Answerfile_radialvel_empty.xls. 
 

7. You can notice two deep absorption lines of sodium (Na) close to 589.0 nm and 589.6 nm.  
There is a smaller one (from nickel) at 589.3 nm (we shall not use this one). Measure the 
position of the two Na lines more precisely. The best is to optimise the visualization box with 
Axis properties and to zoom in on these two lines. Then position the cursor on the minima to 
measure the wavelength values. It is also possible to click on the List button to look for the 
minimum. Compare the two wavelengths measured on the observed spectra with the reference 
values (Na lines measured in laboratory on Earth): λNa D1 = 588.9950 nm; λNa D2=589.5924 nm. 
The difference between the reference and the measured values – Δλ – is due to the Doppler 
shift. Enter your values in the answerfile. 
 

8. Repeat these measurements for the ten other spectra and store each measurement in the 
answerfile. 

 
9. The different Δλ correspond to the Doppler shifts associated with the motion of the star as it 

orbits the center of mass of the system.  
 

The radial velocity vrad of the star as observed from the Earth is defined as  
vrad/c = Δλ / λ, where: 

- Δλi = λi - λNai ;  i = 1 or 2,;   
- λNai: is the reference wavelength ;  
- λi is the measured wavelength of Na in the spectrum of the star;  
- vrad is the velocity projection of the stellar velocity on the line of sight; it includes 

the overall motion of the barycenter plus the motion of the star around the system 
barycenter;  

- c is the speed of light.  
 
Using the data in the answerfile, estimate the radial velocity of the Na D1 line; repeat for the 
Na D2 line.  Using both improves the accuracy of the measurement.  The velocity is now 
plotted as a function of time. 

	  
Modeling	  the	  sinusoidal	  variation	  
 

10. The signal is periodic, and we have sampled approximately one period. We can model our 
measurement with the following function:  
 

Vrad = V0 + W * cos( (2*π*t/ T )+ φ) ), where : 
 

- V0 is a constant offset of the data relative to zero (determined by the mean of the 
measurements), representing the velocity of the whole system with respect to Earth;      

- W is half the amplitude of the variation of velocities, and it represents the radial velocity 
of the star, projected onto the line-of-sight;  

- T is the period;  
- Phi (φ) is the phase, -π< φ  < π.  



 
 

You will fit your measurements by hand. In order to do this, iteratively change the 3 parameters 
W, T and Phi (φ) ,  checking the fit (the red points and curve superimposed on the blue points) 
by eye after each iteration.  It is also possible to find the best fit by minimising the “solver” 
value1 displayed in the answerfile: it corresponds to the residual errors (computed in the χ2 
column).  
 

11.  We have measured the amplitude W of the observed variation in the star’s radial velocity.  The 
true rotation speed is larger than W, as can be seen in this figure, due to the possible inclination 
of the orbit to the line-of-sight, indicated by the angle i.  Hence the true rotation speed of the 
star is: 
   

Vrotation = W / sin i 
 
We shall proceed by assuming that sin(i) = 1 
(i=90 degrees), corresponding to an orbit seen 
edge-on.  However, in fact, W is a lower limit to 
the true rotation velocity of the star, as all 
orbital inclinations are equally likely.  

 
 

Determination of the companion mass 
 

12.  We have now a good estimate of the radial 
velocity curve of the star and its period of 
rotation around the center of mass.  To 

                                       
1 As for the Cepheid exercise, you can use a minimization procedure to determine or improve your 
determination of the best-fit parameters. 
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determine if the object causing the star’s rotation is a planet, we would like to know its mass.  
To calculate the mass of the unknown body orbiting around the observed star, we will use 
Kepler’s 3rd law.  Assuming circular orbits, Kepler’s 3rd law states: 
  
T²/(SN)3 = 4 π ²/[G (MS + mN)], where: 
 
- T is the orbital period of the two objects; 

- MS and mN are the masses of the star and the unknown 
object, respectively;  

- G = 6.67 × 10−11 uSI, is Newton's gravitational constant ; 

- O is the barycenter of the binary system (see figure).  

For circular orbits, we also know that : V= 2π OS/T (= W 
since we have assumed sin(i) = 1).  

Moreover, from the definition of the barycenter (center of 
mass) we know that:  

mN/(MS+mN) = OS/SN. 

It is then easy to obtain the relation (after some calculation):   

2π G mN
3 = V3 T (mN + MS)² 

Since we can suppose that the star is far more massive than the unknown body, we can 
approximate MS+mN = MS and then easily invert the formula to obtain:  

mN = V [T MS/(2π G)]1/3   

Hence, using the parameters obtained by the fit and the following constants: 

- MS = 1.05 M
¤

 = 1.05 × 2.0 × 1030 kg = 2.1 × 1030 kg  

- G = 6.67 × 10-11 uSI,  

you can easily obtain the mass mN of the companion. This formula is computed in the 
answerfile. 

13.  We can compare our result with the mass of some bodies in our Solar System, to try to better 
identify our target:  

- Mass of the Earth, terrestrial planet: ME = 6 × 1024 kg  

- Mass of Jupiter, gas giant or jovian planet: MJ = 2 × 1027 kg  

- Mass of the Sun, main sequence star: M
¤

 = 2.0 × 1030 kg  

- In stellar evolution modeling the lower limit of stellar masses is around 0.07-0.08 M
¤. 
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Discuss what type of companion might be orbiting around the observed star. Note also that 
we assumed sin(i) = 1, which underestimates V.  Our estimate is thus a lower limit on the 
mass of the companion.  

 
 
 
 
 
 
 


