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 APPLICATIONS OF KEPLER'S LAWS

 Revealing the existence of a Black Hole     (Sagittarius   
A*) in the center of our Galaxy     - the Milky Way - and   

determining its mass

1. Introduction - A little bit of History  

 The idea of « black hole » was already mentioned by John Mitchell and Pierre-Simon de Laplace 
in  1796.  The latter  wrote in  his  Exposition  du Système du Monde («  Exposure of  the System of  the  
World »)

« A celestial light body which would have the same density as the Earth, and whose diameter would be  
250 times as big as the Sun, would – thanks to its attraction – prevent its rays of light from reaching us. It  
is thus possible for the biggest bright bodies of the universe to look invisible to us. »  

At  that  time,  astronomers  did  not  take  this  idea  seriously,  because  they  did'nt  have  theories 
satisfactory enough to discribe and understand theses new celestial bodies. With General Relativity – a 
theory invented by A. Einstein in the beginning of the XXth century – astrophysicists could correctly 
describe what a black hole was; but it took one century to make most specialists agree on their existence. 
Nowadays, although black holes have never been observed directly, many indirect observations confirm 
their existence. 

Recently, new techniques of observation, above all infrared observations, have enabled us to see 
the center of our Galaxy, hidden in a huge amount of dust. In this context, astrophysicists discovered the  
existence of a « supermassive » black hole. Studying how stars move arround the Galactic center gives the 
possibility to know the mass of this black hole. This is the goal of this practical exercise.

2. Constitution of our Galaxy 

The Milky Way, this whitish line which can be observed in a stary sky at night, is our Galaxy. It is  
composed  of  approximatly  100  billion  stars  and  of  numerous  clouds  of  gas.  Its  shape  is  a  disk  – 
approximately 80,000 light-years in diameter – with a bulge in its center which can be considered as the 
nucleus of our Galaxy. All this can be seen on the illustration below :
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 The Solar System, where the Earth is situated, revolve arround the nucleus of the Galaxy in its 
periphery. For a long time, a lot of clouds of gas and dust between the Earth and the bulge have prevented 
us from observing it directly.  Recently,  thanks to very high resolution infrared cameras, the motion of 
stars near the galactic center could be observed directly, as it can be seen on the photograph below.
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In space, distances are generally not measured in meters but rather in light-years. A light-year is 
the distance covered by light during a year, i.e. 9,45*1015 meters ! It is thus easily understandable that 
meters are not used to mesure distances in the Galaxy... 

An other unit of distance that will be handy in this exercise is the light-day, which is the distance 
covered by light during a day, i.e. 2,59*1013 meters. One can see on the photograph above that stars the 
most close to the Galactic center are less than one light-year of distance to the nucleus.

3. Looking for Sgr A* and for its characteristics

3.1. Where is Sgr A* ?

- Open Google Earth, chose View, then explore and finaly Sky. 

-  Look for Milky Way.

-  Which constellation is the Milky Way in ? 

-  Zoom in the center of the Milky Way. What do you see? Look at the information that is available. 

3.2. Opening the photographs of the center of the Milky Way (from VLT Paranal Chili)

- Open SalaJ software (version 2)

- Click on Files then click on black hole Sgr A*

- Open FITS images
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- open the twelve photographs.

- Click on Window then on Tile.

 You have at your disposial 12 photographs of the same space region, showing the center of the Milky 
Way.
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3.3. Revealing the existence of an invisible celestial body in the center of the Galaxy : 
Sgr A*

-  Click on Image, then on Stacks, then on Images to Stack

- Click again on Image, then on Stacks, then on Start animation.

- What do you notice ? You can make the images bigger.
 
- In order to observe more easily, you can slow down the movie (for example 1 image per second). Click 
on Image, then on Stacks, then on Animation options and chose speed : 1 image second

- What hypothesis can be made ?

3.4. Application of the 1st Kepler's law : determining the position of this invisible 
celestial body Sgr A*

- Click on Image, then on Stack, then on Stop animation.

- Click on Image, then on Stack, then on Stack to images.

- Click on Window then on Tile. You can see again the 12 photographs of the same space region, showing 
the center of the Milky Way.
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- Chose star S2  (photo above) :

- Click on Plugins, then on Macros,  then on install,  then on file Tools,  then on PixelPicker Tool then 
finaly on open.

- Point star S2 using this tool in the 12 consecutive photographs  and take down its coordinates : for a 
better precision, you can use the « zoom » function of SalsaJ.

.
Date

.
1992 1993 1995 1997 1997,6 2000 2006,6 2001 2001,5 2002 2002,2 2002,9

X

Y

- Draw a graph with this points.

- Link these points on the graph and check that you get an ellipse with a good approximation : look for the 
small axe and then for the big axe of the ellipse.

- Look at the short movie directed by ESO, made with more images, that shows well the elliptical orbit of 
S2 : file ESO SgrA

- Find out the distance between 2 pixels, first in light-days, then in meters.  
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- Deduce from the previous question the value of the semimajor axis a and the semiminor axis b of S2's 
orbit.

-  Using the previous graph, the first Kepler's law and the relation  c = (a² – b²)1/2 , determine the position 
of the celestial body (Sgr A*) that attracts the S2 star.

3.5. Determining the revolution period T of the S2 star

- With the help of the previous graph, find out T in years then in seconds

3.6. Using Kepler's third law: mass M of SgrA*

- From Kepler's third law : 

                                                      T²/ a3 = 4.π² / G.M   

 comes :
                                                         M = 4.π². a3 / G.T²

For now, we will admit that the plan of S2's orbit is perpendicular to the observation axis. With all this  
information, Determine M (mass of Sgr A*). 

- Compare M  with the  mass of the Sun (MSun = 2. 1030 kg ). 

- What can be said about the nature of Sgr A*? 

- If the plan of S2's orbit is not perpendicular to the observation axis, is the real mass of Sgr A* bigger or 
smaller than the one previously determined? 

- Do you think that knowing the angle of the orbit is absolutly necessary to find out the nature of Sgr A*? 

- Read the text below: 
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Data : Mo = MSun

                         pc = parsec= 3,26 light-years 

- What is the real mass of SgrA*? Compare it to the one found by those researchers. 

- Deduce the angle between the observation axis and the semimajor axis of the orbit of Sgr A*.

- The Schwarzschild radius is a black hole maximum radius. It is equal to : 

                                   RS = 2GM/c²  with M the mass of the black hole 

Deduce from this relation Sgr A*maximum radius. The black hole can be considered as a sphere. 

- Find out the radius of this black hole - considered as a sphere – thanks to its « density » given in the 
article. 

- Compare these two values; Conclude.

Download REGRESSI
In order to download Regressi, go to : 
 http://ts3-objectifbac2006.easyforum.fr/epreuve-experimentale-f10/telechargement-regressi-t50.htm 

then click on the link below the mention "Le logiciel" and the downloading will automaticaly begin.
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