
LABORATORY 3: BRIGHTNESS AND THE MAGNITUDE SCALE
[Adapted in part from http://coke.physics.ucla.edu/laptag/Astro.dir/astrocls.dir/magscale.htm]
REQUIRED MATERIALS:  You will need to bring THIS HANDOUT, THE STELLAR DATA TABLE FROM LAB 2, STANDARD GRAPH PAPER, CALCULATOR, AND AT LEAST 2 COLORS OF PENCILS OR PENS.

ANSWER ALL PRE-LAB WARMUP QUESTIONS BEFORE COMING TO LAB.  You will begin lab with a short quiz on these questions.
What are Magnitudes?
Because what we know about stars is due solely to our analysis of their light, it is very important to develop further the idea of stellar magnitude, or how bright a star is. When the Greeks scientist Hipparcos determined the magnitude scale, he did it "by eye." The first stars that "came out" at night were of first importance or first "rank", and today we call those stars "first magnitude stars". Today, with measuring instruments, we know that what the Greeks called a difference of 5 magnitudes (from 1st magnitude to 6th magnitude) is close to a 100 times difference in apparent brightness. This difference now defines the magnitude scale. With this new definition, the magnitude scale was broadened to the very brightest stars the Greeks saw, and some magnitudes became negative. With light-meter instruments capable of discerning small differences in brightness, some magnitudes became fractional, much like earthquake magnitudes. And some objects that could be seen only with telescopes could now have magnitudes attached to them, and those magnitudes were numbers larger than 6, the naked eye (unaided) limit for most people.  

Magnitudes and brightnesses are related to each other, but the magnitude scale is a DIFFERENCE (subtractive) scale and the apparent brightnesses (how bright the objects appear) make up a MULTIPLICATIVE scale. 
Thus if two stars have NO difference in their apparent magnitudes (i.e. they look exactly the same brightness), you multiply the brightness of one star by 1.0 to get the brightness of the second.  On the other hand, if two stars have a difference of 1.0 in their apparent magnitudes, the brighter one (lower magnitude) will appear 2.512 times brighter than the dimmer one.  Table 1 shows how the differences in magnitude correspond to changes in apparent brightness: 
  
TABLE 1:  The Relationship Between Magnitude Changes and Brightness Changes

	Apparent Magnitude Difference
	Brightness Multiplier

	0.0
	1.0

	1.0
	2.512

	2.0
	6.310

	3.0
	15.85

	4.0
	39.81

	5.0
	100.0

	6.0
	251.2

	7.0
	631.0

	8.0
	1585

	9.0
	3981

	10.0
	10,000


Each magnitude difference corresponds to 100^(0.2) or 100^(1/5) times in brightness. A magnitude difference of "m" corresponds to a change of 100^(0.2m) times in brightness. A little algebra will show that this is the same as 10^(0.4m). If we wanted to know what a 20 magnitude difference would be, we could calculate it as: 10^(0.4*20) = 10^8, or 100,000,000 times! Between the brightest object we see from Earth (the Sun, magnitude -26.8) and the faintest stars we see from Earth (with the Hubble Space telescope & the Keck Foundation telescope on Mauna Kea in Hawaii, magnitude = +30), there is a difference of 30-(-26.8)= 56.8 magnitudes or 10^(0.4*56.8)= 10^(22.72)= 5.25x1022 times difference in brightness!  

PRE-LAB WARMUP QUESTION:  Star A has an apparent magnitude of 4.0.  Star B has an apparent magnitude of 6.0.  Which star appears brighter?  By what factor?

PRE-LAB WARMUP QUESTION:  We receive 52,500,000,000,000,000,000,000 times more light from the Sun than from the faintest star visible by the Hubble Space Telescope.  Give a good reason why that is the case.

What Factors Affect Apparent Stellar Magnitudes?
Whenever we observe a bright star, we don't know if it is really a dim star close up or a very bright star far away -- they both can appear the same. Likewise if we observe a dim-looking star, it could be a bright star exceptionally far away. How bright a star appears from Earth is called the "apparent" magnitude of the star. Many things can influence how bright a star looks, including: 
(1) How much energy the star is giving out each second in watts; 
(2) How far away the star is from the observer; 
(3) How much interstellar dust is blocking the star's light; 
(4) How much air from Earth is blocking the star's light (called atmospheric extinction). 
For this course, we will not concern ourselves with (3) and (4), even though in practice they are issues to take into account.  Thus the most important thing for you to know is how to account for the change in magnitude due to distance.  If we know the distance to a star, we can correct for that effect by knowing how the magnitude of a star changes with distance.  This will give us a brightness that has to do ONLY with the total energy output – or LUMINOSITY – of a star.  A star’s luminosity is given in units of Watts, just like common light bulbs (but with a heck of a lot more zeroes at the end!). 
How Light Intensity Depends on Distance:
PRE-LAB WARMUP QUESTION:  You notice two lights in your house.  You know that one is a 25 W bulb and the other is a 100W bulb.   You notice that both lights appear to be the same brightness from where you’re standing.   WHICH LIGHT BULB IS CLOSER TO YOU?  How do you know?

The Inverse-Square Law
The intensity-distance relationship is easy to understand in a qualitative sense, and it can also be explored it in a quantitative sense with some relatively simple equipment.  We will NOT do that in this lab (breathe sigh of relief), but we will make use of the relationship here.

You might already know about the Inverse-Square Law of Gravity (what Newton discovered) or the Inverse-Square Law of Electrical Attraction (what Coulomb discovered). As light spreads out from a source -- like a star or planet – its brightness, too, can be represented by an inverse-square law. Such a law says that if you double the distance, the brightness goes down by a factor of 4. (i.e., it is 1/4th the original value). If you quadruple distance, the brightness goes down by a factor of 16. And if you increase the distance by a factor of 10, then the brightness will go diminish by a factor if 100. 
PRE-LAB WARMUP QUESTION:  Regarding the light bulbs from the previous question:  Now assume that you KNOW the 25 W light bulb is 5 meters away from you.  How far must the 100 W light bulb be from you to appear the same brightness?
Brightness & Magnitudes:

A factor of 100 in brightness is ALSO the same as making an object 5 magnitudes fainter! So there is a way of relating the apparent brightness to changes in magnitude and distance. 
  

	Distance Factor
	Brightness Factor
	Magnitude Difference

	1.0 
	1.0
	0.000

	2.0
	4.0
	1.505

	4.0
	16.0
	3.010

	10.0
	100.0
	5.000


To get column 2, each distance factor is squared to show by what factor an object’s apparent brightness and magnitude are changed by changes in distance. For example, if an object of magnitude 3.5, for example, gets twice as far away, then it becomes 1/4th the brightness (i.e., 4 times dimmer), and its magnitude will become 1.5 magnitudes dimmer, and the apparent magnitude will become 5.0. 
How did we get the last column? For 10^(0.4*x)=4 times dimmer, x turns out to be close to "1.5". Let's see what our Sun's magnitude would become as we artificially move it to different locations. Each factor of 10 change in distance makes the Sun look 100 times dimmer (i.e., 1/100th the brightness), or 5 magnitudes dimmer. In the last step, we move it only 2x farther away, so its brightness changes by only 1.5 magnitudes.
Apparent Magnitude of the Sun at Different Distances
	Distance from the Sun
	Apparent Magnitude
	Comment

	1.0 AU
	-26.8
	 Where it is now.

	10.0 AU
	
	 Approx. Saturn’s orbit

	100 AU
	
	 2x Pluto’s orbit

	100,000 AU = _____ pc
	
	 

	10 pc
	4.74
	 “standard” reference distance

	100 pc
	
	 


You've probably heard of "a light-year" -- how far light travels in one year. Well, a parsec is how far away an object has to be so that it has a PARallax of one SECond of arc, or 1/3600 degree. In other words, as our Earth travels around the Sun, a distant object will seem to shift back and forth because the Earth is moving. To have a shift of one second of arc, an object has to be 3.26 light-years away. At a distance of 10 parsecs (pc), an object is 32.6 light-years away. If we were to see our Sun from 10 pc, our Sun would be one of the dimmest stars we could see with the naked eye, approximately 5th magnitude! This distance is a special one, and a star's apparent brightness as seen from 10 pc is called the ABSOLUTE MAGNITUDE of the star. If we imagine artificially moving stars to this distance by the same method you see above, then the difference in brightness seen must be due to a difference in the energy output of the star.   In other words, the absolute magnitude tells us something of the star’s actual wattage.  
Now determine the absolute magnitude of Sirius (the ‘apparent magnitude’ if we imagine placing it at 10.0 pc):
Sirius (Alpha Canis Majoris)
	Distance from the Sun
	Apparent Magnitude
	Comment

	2.7 pc
	-1.5
	 True distance

	10.0 pc
	 
	 “standard” reference distance 


Let's try one more: Betelgeuse, the red supergiant star which is the shoulder of Orion, is +0.41 magnitudes as seen from 150 pc away. As we bring it closer, it becomes brighter, and its magnitude becomes more negative. 
Betelgeuse (Alpha Orionis)
	Distance from the Sun
	Apparent Magnitude
	Comment

	150 pc
	+0.41
	 

	37.5 pc
	 
	 

	9.4 pc
	
	Almost at the standard distance.  


Thus, as seen from the same distance, Betelgeuse is a MUCH brighter star than our Sun: about 10 magnitudes brighter. (Convince yourself that this would be true from ANY distance that was the same for both stars, not just 10 pc. That is, if Betelgeuse were 1 AU away, its brightness would be about -36.8 mag!) This means that Betelgeuse gives out 10^(0.4*10) = 10^4 times the amount of energy as our Sun! 
As you can see, there is a relationship between apparent magnitude, absolute magnitude, and distance.  The exact relationship is:

Mv = V – 5logd +5

Where V is the apparent VISUAL magnitude (now that you know that light isn’t always visible), Mv is the absolute magnitude, and d is the distance to the star in parsecs.  We are now in a position to find the absolute magnitudes of the stars in the table from Lab 2.  Since HD 14802 has been our example thus far, we can complete its table entry. 
For HD 14802, V = 5.19 and the distance we found was 21.93 pc.  Thus:

Mv = 5.19 – 5log (21.93) + 5

Mv = 5.19 – 5(1.341) + 5

Mv = 5.19 – 6.705 + 5

Mv = 3.48

The absolute magnitude of HD 14802 is 3.48.  Remember that the SMALLER the number, the greater the wattage.  HD 14802 therefore has a smaller wattage than Sirius – it would be dimmer if you placed these two stars side by side.

Compute Mv’s for the remaining stars in Table 3 from Lab 2.  We will return to this table for subsequent activities.

QUESTION:  For how many stars is the ABSOLUTE magnitude (Mv) greater than the APPARENT magnitude (V)?    What are the distances to these stars?  Does it make sense that Mv should be larger than V?
QUESTION:  What relationship do you see between Mv and (B-V)?   Is it a direct relationship or an inverse relationship?  

QUESTION:  The quantity (B-V) measures SOMETHING about a star, something that we will come to later in the semester.   Which of the following physical attributes would make logical sense for your Mv, (B-V) relationship?  
a. (B-V) might be larger for larger stars

b. (B-V) might be larger for hotter stars

c. (B-V) might be larger for smaller stars

d. (B-V) might be larger for cooler stars

Fully explain why your choices make logical sense.
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