Focus on Science A1.1:  Angular Measure and the Small-Angle Formula

When we see objects in the sky, they are likely to be at very different distances from us.  There are no "distances" in the plane of the sky -- only angles.  When measuring the "distance" between two points on the sky, you are measuring an angle.  You will recall that a circle  = 360(  (degrees).  Astronomers need smaller angles to work with, and further break up degrees as follows:

1(  =  60 '   (minutes of arc or arcminutes)

1'   =  60 (   (seconds of arc or arcseconds)

Here are some astronomical examples:  

The angle measured from the horizon to the point directly overhead (the zenith) is 90(.

The angle subtended by the moon (i.e., the Moon's angular diameter) is about 1/2 ( (1/2 degree) (as seen from the Earth). 

The smallest angle that your eye can resolve is about 2' (2 arcminutes).  Anything smaller than this is perceived as a single point.

The larger planets, i.e. Jupiter and Saturn, have angular diameters of about 1' (1 arcminute) as seen from the Earth.

1" (1 arcsecond) is the angle subtended by a tennis ball at a distance of 8 miles, or the angle subtended by the dot of an i seen at a distance of 100 yards.  It is also roughly the angular size of a star, smeared out by the atmosphere, as seen through a telescope.  (Without the telescope, your eye will smear it out to about 2 arcminutes).

It should be apparent from the discussion of angular measure that the angular diameter of an object depends not only on its physical size, but on its distance.  This makes sense:  objects look smaller as they recede, i.e. they have a smaller angular diameter as they recede.  As an example, consider the headlights of a car: as the car recedes further and further,  the headlights look closer and closer together (i.e., the angle between them gets smaller and smaller as seen from your position) until you can't resolve them any more, and the headlights blur into one light.  This happens when the angle between them becomes less than the angular resolution of your eye, or less than about 2 arcminutes.

The Small - Angle Formula is very useful for calculating the apparent angular diameter of an object given its linear size and its distance.  As its name implies, the formula only holds for "small" angles, which turns out to be angles less than about 10(. The formula uses different constants, depending on what angular units you want for your answer.
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In these formulae, the quantities are described as follows: 

angular diameter -- in units of arcseconds, arcminutes, or degrees; 

distance  -- in any units; 

linear diameter -- must be in the same units as the distance.

As an example, here we calculate the angles subtended by both the Sun and Moon at their average distances from the Earth.  The Sun’s diameter is  1,390,000 km,  and its average distance about 150,000,000 km. The Moon’s diameter is 3,476 km, and its average distance about 384,400 km.
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Although the Sun is roughly 400 times bigger than the Moon, it is also roughly 400 times further away.  This happy accident makes them appear about the same angular diameter in the sky.  It is this similarity in angular diameter which makes a total solar eclipse the rarity that it is.  If the Moon were much closer, it would appear larger than the sun, and total solar eclipses would happen much more frequently.  If the Moon were much further away, it would appear smaller than the sun, and only the less spectacular annular eclipses would occur.

Focus on Science A2.1: The Reasons for Seasons

The only reason that the Earth experiences seasonal variations in temperature is due to the 23.(5 tilt of its rotational axis with respect to its orbital axis.  While it is true that if the Earth were significantly closer to the sun at some times of year than at others that this effect would produce seasons, but the Earth's elliptical orbit is in fact almost perfectly circular.  (For some other planets the ellipticity of the orbit is an issue, but not for the Earth.)

The Celestial Sphere

When discussing observations of the sky, it is often useful to think of the sky as being a great crystal sphere of huge size.  While it is true that the real objects you see are all at different distances, most of them are very far away and can be considered pasted onto this sphere.  There are many useful reference points on this imaginary celestial sphere.  For example, if you extended a line from the Earth’s north pole out towards the sky, it would intersect the celestial sphere at the North Celestial Pole, or NCP.  If you extended the plane of the Earth’s equator out until it hit the celestial sphere, it would describe a circle known as the celestial equator.

Tilt

What most people don’t realize about the Earth’s tilt is that the Earth’s north pole always points in the same direction in space. Thus the North Celestial Pole is a fixed point on the sky; you probably know it as Polaris, the Pole star, since there is a fairly bright star next to this point in the sky. 
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The point in the Earth’s orbit where the northern hemisphere is tilted towards the sun is called the summer solstice, which occurs on June 21 every year.  Six months later on December 21, when the northern hemisphere is tilted away from the sun, we have the winter solstice. The two midpoints are called the equinoxes, when the night and day are of equal length everywhere on the Earth.  On these dates the sun is tilted neither towards nor away from the sun; a person standing on the equator will have the sun pass directly overhead at noon.  The fall equinox is on September 21, and the spring equinox on March 21.

For a person living in the northern hemisphere, the effect of the tilt is to have the noon sun appear higher in the sky in the summer than in the winter.  In the figure below, a person from Flagstaff is shown.  Note the angle between zenith (the point directly over the person’s head) and the sun at the two different dates.
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Direct vs Indirect Sunlight

The effect of the Earth's tilt is two-fold.  The first and most significant effect is that of direct versus indirect sunlight.  In the northern hemisphere, the sunlight is most "direct" in June.  This means that the sun is the highest in the sky so that the sunlight is coming in nearly perpendicular to the Earth's surface, rather than at an oblique angle.  In December the sun is low in the sky, and the sunlight is "indirect" because it comes in at a low angle with respect to the horizon.
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Sept. 21: The Sun's rays will be coming out of the page, thus centered on the equator.

March 21: The Sun's rays will be going in to the page, thus centered on the equator.




When light comes in at a low angle, the same amount of light gets spread over a larger surface area.  This can be illustrated with a flashlight: when you hold the flashlight perpendicular to a wall, it creates a small, bright circle of light.  When you tip it over at an angle it spreads the same amount of light over a larger area, making a larger, fainter area of light. Thus "direct" sunlight delivers more heat to the same area than "indirect" sunlight, making it warmer in the summer when the sun is more nearly overhead.  

A secondary effect due to tilt is that the days are longer in the summer, allowing for more hours of solar heating.  You can be sure that this is a secondary effect rather than the primary effect by considering the North Pole: it receives six months of daylight at a time without being significantly heated!

Focus on Science A2.2: The Rising and Setting Paths of the Sun

Predicting the path of the sun in the sky on a given day at a given location can be a tricky process because it involves two separate motions: the annual motion of the Sun across the celestial sphere, and the daily rotation of the Earth.

Visualizing this process first involves knowing what the celestial sphere looks like from your latitude. Keep in mind that the North Celestial Pole (NCP) is above the north rotational pole of the Earth, and that the Celestial Equator (CE) is above the Earth's equator.  Due to the geometry, it turns out that the angle of the NCP as measured straight up from due north on the horizon is equal to the latitude of the observer.  For example, since Flagstaff is at a latitude of 35(, the NCP (Polaris) is due north and 35( above the horizon. Note that the term zenith means the point directly above an observer’s head, i.e. the point 90( up from the horizon.
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When trying to visualize the motion of the sun from a particular latitude, always start your drawing by putting in the NCP at the correct angle above the horizon. Next,  draw in the CE as a circle 90( from the NCP which passes through the points due east and due west on the observer's horizon. Below are some examples.
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Sky as seen from Flagstaff


Sky as seen from the North Pole
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Sky as seen from the equator (latitude of 0()

Once you’ve drawn in the CE, you have the apparent paths of the sun for the two equinoxes. Due to the tilt of the Earth, the Sun appears to move north and south on the sky as the Earth completes its annual orbit.   On the equinoxes, September 21 and March 21, the Sun will be on the celestial equator.  (That is, a person on the Earth’s equator will see the sun directly overhead.) On June 21 the sun will be as far north of the celestial equator as it ever gets, i.e. 23.(5 north. On December 21 the sun will be as far south of the celestial equator as it ever gets, i.e. 23.(5 south.

During the Earth’s daily rotation, the Sun stays essentially fixed on the celestial sphere for that day. In essence the Sun remains fixed on the sky and the Earth just rotates beneath it.  Thus, as seen from the Earth, the Sun will follow a path on the celestial sphere represented by a circle on that sphere.  Below are some examples.
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Path of sun as seen from Flagstaff


Path of sun as seen from Flagstaff

on March 21 (on the CE)



on June 21 (23.5( north of the CE)
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Path of sun as seen from Flagstaff


Path of sun as seen from Flagstaff

on September 21 (on the CE)



on December 21 (23.5( south of the CE)

Now let's try the same thing as seen from a different latitude, say on the equator.  The sun will still follow the same path on the same date, but that path will appear differently in the sky. (Note that even at the equator, the sun passes directly overhead only twice per year.)
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Path of sun as seen from the equator


Path of sun as seen from the equator

on March 21 (on the CE)



on June 21 (23.5( north of the CE)
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Path of sun as seen from the equator


Path of sun as seen from the equator

on September 21(on the CE)



on December 21 (23.5( south of the CE)

The Tropics

Now it should be apparent what is special about the tropics.  The tropics are the regions on the Earth where the Sun passes directly overhead at least one day in the year. The Tropic of Cancer is the line of constant latitude 23.(5 north.   The Tropic of Capricorn is the line of constant latitude 23.(5 south. The "tropics" consist of all the regions between these two latitudes.

Can you guess the definitions of the Arctic Circle and the Antarctic Circle, which are at latitudes of 66.(5 north and 66.(5 south respectively?

Focus on Science A3.1: Telling Time with the Moon

Once you have learned the phases of the Moon, you can estimate the time of day by noting the Moon's phase and where it is in the sky.  Consider the diagram below (not to scale!) This figure shows the Earth-Moon system over roughly a month of time.  The Moon revolves around the Earth during this period, and of course the Earth rotates once every 24 hours.
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There is always one side of the Earth and one side of the Moon which is illuminated.  However, depending on the Moon's position, the half of the Moon visible from the Earth will vary in its illumination, causing the phases.  The visible half of each Moon is shown by a dotted line at each time.  The resulting phase as seen from the Earth is shown across the bottom of the figure.

In this figure, you are looking down at the North pole of the Earth.  The figures are shown standing on the equator.  From this direction, the Moon revolves counter-clockwise around the Earth, and the Earth rotates counter-clockwise (to the east) as well.

Now consider the time of day when an observer will see the Moon in its different phases.  You will have to draw an imaginary horizon for each observer.  Remember that the drawing is not to scale; really, the Moon should be much farther away.

As an example, examine the diagram for a first quarter moon.  An observer at sunset will see the first quarter moon high in the sky, almost overhead. (The exact height in the sky will depend on the observer's latitude.  The proper term is the moon is crossing the meridian, i.e. it is crossing over from rising to setting.) An observer at noon will see the first quarter moon on the eastern horizon, and thus the moon will be rising.  (Remember that on this diagram east is towards the left or in a counter-clockwise direction.) However, an observer at midnight will see the first quarter moon on her western horizon.  Thus we can see that a first quarter moon rises at noon, crosses high in the sky at about sunset (about 6 hours later), and sets at about midnight (another 6 hours later.)

Thus, as a general rule, you can use the following method: to find the time which a particular phase of moon will cross the meridian, look directly below that phase and note the time of the observer directly underneath.  The rising will be about 6 hours earlier than that time, and the setting about 6 hours later.

These times are only approximate, and will vary somewhat with the observer's latitude.  However, as a first approximation this method will allow you to determine what time a particular phase of the moon rises, sets, and crosses high in the sky.

Focus on Science A3.2: Eclipses

If you ever have the chance to chase a total solar eclipse, do it. This spectacular experience must have been terrifying to primitive peoples.  The word “eclipse” comes from the Greek “ekleipsis”, which means “abandonment”.

What is an eclipse?

A solar eclipse means that the sun is eclipsed by the Moon; this happens when the Moon passes directly between the Sun and Earth, blocking our view of the Earth.  You will recall from Investigation A1 that although the Sun is 400 times further away than the Moon, it is also 400 times larger than the Moon.  Thus the angular diameters of the Sun and Moon, as seen from Earth, are virtually identical. Thus in order for the Moon to block the Sun, the “Earth-Moon-Sun” lineup has to be virtually perfect.

[image: image23.png]Solar Eclipse: Not to Scale!




Note that only people inside the umbra (complete shadow) will see the Sun totally eclipsed; persons inside the penumbra (partial shadow) will witness only a partial eclipse. The tip of the umbra as it sweeps across the face of the Earth is never more than 170 miles wide; no wonder very few people have every witnessed a total solar eclipse! The umbra sweeps across the face of the Earth because of the relative movement of Earth and Moon; the speed of the umbra with respect to the Earth’s surface can be up to 1000 miles per hour; thus totality at any one point never lasts more than 7.5 minutes. 

A lunar eclipse means that the Moon is eclipsed by the Earth’s shadow; this happens when the Moon passes through the Earth’s shadow.
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In a total lunar eclipse, the umbra can be several times the diameter of the Moon, and thus a total lunar eclipse often lasts more than an hour.  Not only does a lunar eclipse last longer than a solar eclipse, but it can be observed by everyone on the nighttime side of the Earth.  Thus, even though solar and lunar eclipses occur with about the same frequency, many more people have seen lunar eclipses than solar.

Examination of the figures above will show that eclipses can only occur during particular phases of the Moon. In order for a solar eclipse to occur, the Moon has to be new.  In order for a lunar eclipse to occur, the Moon has to be full.

Why isn’t there an eclipse every two weeks?

As it turns out, the plane of the Earth’s orbit around the Sun is not exactly the same as the plane of the Moon’s orbit around the Earth.  The two planes are tipped by about 5(, and thus the Sun, Earth, and Moon are not always in the same plane, and thus are not necessarily lined up in a straight line at new or full moon.  The figure below illustrates the two planes occupied by the two orbits.
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The line where the two planes intersect is called the line of nodes.  A node is defined as any point where the Moon’s orbit crosses the Earth’s orbit.  An eclipse can only happen when the Moon happens to be close to a node, and happens to be new or full at the same time.

In the figure below, the Moon is new.  The Sun is following its path in the sky, and the Moon is following its path. You are viewing them from Earth. In the particular month illustrated, the Moon and Sun do not meet close enough to the node, and there will be no total eclipse.  However, in this illustration they are close enough to the node for a partial solar eclipse to occur.
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How often do eclipses occur?

The figure below shows four different orbits of the Moon around the Earth over a period of a year.  You are viewing the scene from far outside the solar system. The dashed portions of the Moon’s orbit are below the Earth’s orbital plane, and the solid portions are above the Earth’s orbital plane.
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Clearly only two of the configurations shown will be able to produce eclipses.  The two months shown with the new and full moons in the line of nodes represent two eclipse seasons.  During a month-long eclipse season, any new or full moon will produce at least a partial eclipse.  If new or full moon happens precisely when the Moon is at a node, the eclipse will be total.  If new or full moon happens just before or after the Moon going through a node, the eclipse will be partial.  Every eclipse season produces at the minimum two partial eclipses, and at the maximum one total eclipse plus two partials.

Inspection of this diagram shows that eclipse seasons are approximately six months apart.  Thus there are at least four eclipses every year!

Focus on Science A5.1: Galileo and the Phases of Venus

The famous Italian astronomer/physicist/mathematician Galileo Galilei was the first person to turn a telescope on the heavens.  His observations, first published in 1610, revealed mountains on the Moon, a multitude of stars in what had been known as the Milky Way, four small bodies orbiting Jupiter, and the fact that Venus exhibits a full range of phases.

All of these discoveries conflicted with the ancient Ptolemaic picture of the universe, which was a geocentric model of the solar system that pictured all the celestial bodies as perfect spheres, and the Earth as the stationary center of the universe. These beliefs had been elevated to articles of faith by the Catholic Church, and Galileo was interrogated by the Inquisition and eventually sentenced  to house arrest for the remainder of this life.

In the Ptolemaic model, all planets moved in perfect circles.  For example, the Sun was thought to orbit the Earth (with a period of exactly one year, of course!) Some planets were thought to orbit imaginary points which themselves orbited the Earth’ these “wheels upon wheels” were called epicycles.
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The figure above illustrates the Ptolemaic model for the Sun and Venus.  If you study the pircture carefully, you will see that in this model, Venus would not exhibit a full cycle of phases as seen from the Earth.  Thus Galileo’s discovery disproved the Ptolemaic model.
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