Astronomy:  observation which evolved into astrology, which later became the science of astronomy.  It is the oldest science.�PRIVATE ��



Astrology is the pseudo-science of attributing positions and motions of the planets as influencing the lives of men.

Most of the ancients believed in astrology (the forerunner of astronomy).  This was probably started in Babylonia.



The ancient Mesopotamian and Egyptian peoples knew by 1200 B.C. (and probably much earlier) that five starlike objects moved, while most were fixed.  These were actual stars while the moving "stars" were planets.  The Egyptians divided the groupings of stars into at least 43 constellations & named them.  In Mesopotamia and Egypt the astronomers were priests who plied their trade so they could do astrology.



The word "planet" means wanderer.  The Greeks applied this term to the moon, Sun, Mercury (Hermes), Venus (Aphrodite), Mars (Ares), Jupiter (Zeus) & Saturn (Cronus) for a total of 7 planets.



Since all these movements occur in relatively the same path across the celestial sphere centered on the ecliptic, they called it the zodiac (the zone of animals).  They divided it into 12 parts or signs which we call the constellations of the Zodiac.



What do we (and what did the ancient peoples) see when looking at the night sky over many days and years:  the daily diurnal motion of the whole sky from east to west around a celestial pole in the northern sky; annual (direct or prograde) motion of the sun from west to east always along a certain path; annual (direct or prograde) motion of certain bright objects at variable speeds along but slightly deviating from the sun's path; occasional retrograde motion of these planets; over many centuries, the place where the sun crosses the equator on its way north, i.e., the first day of spring, precesses westward.



350 B.C. The Chinese astronomer Shih-Shen made what was probably the first star map with about 800 entries.  They also kept records of comets, meteors, etc. 



Organized Babylonian astronomy goes back at least as far as record which we have of observations around 3800 B.C. which are found on clay tablets.  By 1600 B.C. they compiled the first star catalogues.  By at least 747 B.C. they kept accurate records of the positions and motions of Venus, Jupiter & Mars on clay tablets which were later obtained by the Greek astronomers.  The Chaldean astrologers did this for religious purposes for the king.  They observed from the tops of Ziggurats--flat topped pyramids which were their observatories.  According to the writings of the Greeks, the Chaldeans were reputed to be able to predict eclipses with a fair degree of accuracy, although it is not clear that this was an accurate reputation.



The Greeks, Babylonians & Egyptians were all aware that the Sun gradually changed its position on the celestial sphere, moving each day about 1° to the east among the stars, and the moon moved about 13° to the east each day.





Ancient Greek Astronomy & the First Cosmologies  



The Milesian philosophers (from the Asia Minor city of Miletus), the first of whom was Thales (585 B.C.), were the first recorded people to ask 'why' using the scientific method.  That involved:  1) naturalistic rather than mythological explanations for phenomena, and 2) debate between proponents of various naturalistic explanations.



The Greek philosopher and astronomer Anaximander (611-547 B.C.) of Miletus measured the obliquity of the ecliptic, i.e., that the ecliptic does not lie in a plane perpendicular to the line between the celestial poles, but is inclined 23½° to that plane.  He left the first surviving records of descriptions of the sun, moon and stars ("compressed portions of air, in the shape of [rotating] wheels filled with fire") which gave mechanical descriptions of these bodies rather than the older mythological descriptions.



The early Greeks regarded the night sky as a celestial sphere with stars embedded in it.  They concluded that the sphere rotated from east to west carrying the stars with it.



Pythagoras (572-497 B.C.) founded a school in southern Italy.  He and the school of thought which he founded were mathematicians, and they felt that mathematics was important to explaining astronomy.  Much of the Pythagorean cosmology is usually attributed to Philolaus (5th Century B.C.).  He was a Pythagorean and the first person to introduce the concept that the earth was in motion, albeit in the bizarre cosmology set forth, infra. 



They believed that the earth moon & Sun & other heavenly bodies were spherical.  Since they regarded 10 as a perfect number, they postulated 10 celestial objects.  The Pythagorean cosmology was bizarre:  in the center of the universe was (1) a central fire (not the sun) around which revolved (2) a counter-earth, earth (revolving once every 24 hours around the central fire), (3) the moon, (4) sun, (5-9) the five planets, and (10) the celestial sphere furthest out.  The reason we never saw the central fire or the counter-earth was because the same side of the earth was always away from it (like the moon is always facing its same side toward earth).  The counter-earth was never seen because it was always exactly between earth and the central fire. 



The Pythagorean legacy is:  the universe can be explained using a descriptive (scientific) model as opposed to fanciful mythological stories, i.e., the birth of astronomical cosmology; that the earth is a sphere; and that the earth is in motion is space.  Only the first two of these ideas influenced later Greek philosophers and astronomers.  The ideal that the earth was in motion was rejected by others in ancient times, perhaps because Pythagorean cosmological model was so weird.



In their invention of a cosmological scheme for the universe, the Pythagorean and other later Greeks were the first to try to explain what was really going on, as opposed to the older mythological explanations of the Mesopotamians, Egyptians and other ancient peoples.  The Greek philosophers were trying to find a scheme or model that fit their observations of eclipses, lunar phases, diurnal motion, retrograde motion, etc.



The laws of nature "discovered" by scientists are mathematical mechanical models that describe how nature behaves, not why, nor what nature actually is.



Anaxagoras (500-428 B.C.), originally from Clazomenae near Smyrna, lived most of his life in Athens and was a friend of Pericles.  His is said to have discovered that the moon shines by reflected sunlight rather than its own light, and he deduced that eclipses were due to the shadows of the moon or earth.  



Plato (428-348 B.C.) who founded the Academy in Athens was not an astronomer, but he discussed astronomical matters, and hence shows us what educated non-astronomers of that era knew about astronomy.  



He knew that the planets in smaller orbits moved faster than those in larger orbits.  Timaeus 39a.  He describes the month as one orbit of the moon around the earth, and the year as one orbit of the sun around the earth.  Timaeus 39c.  Plato believed that "the earth was spherical and in the middle of the heavens, [and that] it needs neither air nor any other such force to keep it from falling; the uniformity of the heavens and the equilibrium of the earth itself [are] sufficient to support it." Phaedo 108e-109a.  But on the whole, Plato seemed to have been quite confused by the complicated motions of the planets.  He probably never formulated a scheme of how their motion is explained, yet was aware that they moved in some systematic but inexplicable manner. 

Eudoxus (408-355 B.C.) of Knidus in Asia Minor was briefly a student of Plato's, and is known as one of the greatest mathematicians of antiquity.  He is the first to have proposed the 365 day year for three years and a fourth year of 366 days, some 300 years before Julius Caesar adopted this idea for the Julian calendar.  



His history of astronomy, On Velocities, and all of his other works are preserved only in fragments cited by Aristotle and others.  He believed that all heavenly bodies traveled around the earth in what was later called "homocentric spheres," i.e., spheres which are all concentric and centered on the earth.  Each planet moved separately by the combined motion of up to four such spheres attached one to another.



Helikon, a student of Eudoxus, is said to have predicted the solar eclipse of May 12, 361 B.C. for the king of Syracuse.  Apparently his mentor's predictions of planetary motion worked fairly well in practice.



Aristotle (384-322 B.C.) of Athens, also a student of Plato, was the most influential of the Greek philosophers from the perspective of European history.  He attempted to describe the phases of the moon, and he knew that it shown by reflected light.  He ascertained that the sun was much further away then the moon--(slower motion against background of stars).  



He described the role of the philosopher as being "to save the phenomena," i.e., to come up with a model of the universe which will explain what is observed.



He also argued in his work De Caelo (On the Heavens) (Bk.II:Ch.14, 297a6-297b33) that earth was spherical on account of four reasons:

1)  earth would gravitate toward the center because it was heavier than the three other elements of water, air and fire.

2)  motions of heavenly bodies are spherical, hence the earth must be spherical.

3)  always the arced shape of the earth's shadow on the moon during a lunar eclipse.

4)  changing your north-south position on the earth shows different stars.  



He recites 400,000 stades as the accepted value for the circumference of the earth--the oldest recorded value for this.



Aristotle postulated four elements of earth, water, air and fire which would naturally move in straight lines up or down to their natural positions relative to one another, but heavenly bodies move circular.  The heavens were made out of an incorruptible fifth element aether.  De Caelo (On the Heavens) (Bk.I:Ch.2, 269-270)  Each heavenly body was attached to a large concentric sphere (really a thick shell) of transparent aether centered on the earth.  Each sphere rubbed against the sphere above and below it, and all of the spheres moved in circular motions each influencing and causing motion to its adjacent spheres.



This sort of cosmology explains how the positions of the heavens can influence the lives of men on earth.



Hence he believed that the earth was the center of the universe and that the Sun, moon, planets and stars revolved around the earth.  In this respect, he accepted the homocentric spheres of Eudoxus as necessary to explain the observations of planetary motion.



He taught that the sphere of the stars never changed.

 

Heraclides of Pontus (388-315 B.C.) was a student of Plato.  He believed that the diurnal motion of the heavens was caused by the earth turning on its axis, rather than the rotation of the celestial sphere.  He also believed that Mercury and Venus revolved around the sun, since they always moved back and forth across the sun about 50° or 100° respectively, always centered on the sun.



Aristarchus of Samos (310-230 B.C.) attempted to resolve distance of moon compared to Sun & sizes of the sun, moon and earth.  His work On the dimensions and distances of the sun and moon is the only one preserved.  In that work he recites how he measured (inaccurately) the angle between the quarter moon, where the moon is the right angle of a long right triangle, and the sun to be 87°, and used Euclidean geometry to compute the relative distances of the moon and sun.  He computed the sun to be about 18 to 20 times farther away than the moon.  In reality it is closer to 390 times farther away, but at least he correctly discovered that the sun was much farther away than the moon.  His lack of a knowledge of trigonometry hampered his calculations.  Trigonometry will get these relative distances with accuracy, provided the angle measurements are accurate.  Copernicus later used this technique with great accuracy.



He believed that the diurnal motion of the night sky was explained by the earth rotating on its axis, and that the annual motion of the sun westward resulted from the earth revolving around the sun.  



These heliocentric ideas of Heraclides and Aristarchus were not accepted and largely ignored by other astronomers.



Eratosthenes (276-194 B.C.) astronomer and the librarian of the great library of Alexandria.  He was the first to accurately measure the earth's diameter.  He assumed that the Sun was distant enough to emit parallel light rays to all points of earth.  He noticed that on the 1st day of summer in Syene, Egypt, sunlight struck the bottom of a vertical well at noon, which indicated that Syene was on a direct line from the center of the earth to the Sun.  At the same time in Alexandria, 5,000 stadia north of Syene, the Sun made an angle with the vertical equal to 1/50 of a circle (about 7°).  This distance must be 1/50 of the earth's circumference, therefore 50 x 500 = 250,000 stadia.  The figure was later revised to 252,000 so that each degree would have exactly 700 stadia (252,000)/360.  A stadia is believed (with some uncertainty) to be a distance of about 1/10 mile.  Therefore he would have been correct to within 1% of the earth's circumference (24,900mi).



(CHART) Figure 2-17



The homocentric spheres of Eudoxus and Aristotle did not account for the observation that planets got brighter while in retrograde motion.  Hence a new cosmological theory replaced it:



Apollonius (265-190 B.C.) of Perga discussed the epicycle and eccentric system which replaced the homocentric spheres, explained, infra, and may have been the originator of this system.



Hipparchus (160-127 B.C.) from Rhodes was perhaps the best astronomer of antiquity because he was the most accurate observer and a brilliant mathematician.  He developed the beginnings of trigonometry.  He knew that accurate observations and precise planetary positions were important to developing a model of the cosmos.  His observations were extremely accurate; his planetary positions were accurate to about 10' of arc.  He determined from past records of the Babylonians the precession of the equinox, and compiled a star catalog with at least 850 entries, celestial coordinates & apparent brightness.  He determined the length of the year to within 6 minutes.  Also by measuring how long it took the moon to go through the earth's shadow during an eclipse, he measured the earth to moon distance to be 30 1/4 earth diameters, which is accurate to within 0.3%.  In 125 B.C. he is said by Pliny to have observed a bright new star.



He invented the planisphere.



His cosmology had the earth at the center with a planet traveling in a circular orbit counter-clockwise around an epicycle, with the center of the epicycle traveling counter-clockwise around a deferent.  The earth was near the middle of the deferent, but not quite at the center (which he called the eccentric), because he knew that the planets moved at different speeds along their yearly cycles. 



Claudius Ptolemy (about 140 A.D.) of Alexandria was the most influential of the Greek astronomers and the last major figure in Greek astronomy until the renaissance.  He wrote a 13 volume work on astronomy called the Almagest which combined his work with the work of past astronomers.  Arab scholars preserved the writings of ancient Greece, including the only surviving copies of Ptolemy's Almagest.  He was heavily influenced by Hipparchus.  He accepted the Hipparchus geocentric model of the universe, and through his writings transmitted these ideas to pre-Renaissance western scholarship.  Much of what we know about the ancient astronomy of the Greeks is because of Ptolemy's writings.



His scheme of cosmology was geocentric with deferants and epicycles to account for retrograde motion.  His system predicted the positions of the planets with a fairly high degree of accuracy.  His scheme of the nature of the heavens was accepted until the 17th century.  A standard work describing the positions of the planets which used Ptolemy's system was written in the 13th century and is known as the Alfonsine Tables after a Spanish king Alfonso the Great of Castille who sponsored their publication in 1252.



Ptolemy described the brightness of stars in six magnitudes, the brightest being 1st magnitude and the dimmest being 6th magnitude.  He took this from Hipparchus, as he did for much of his work.



He was a believer in astrology, as evidenced by his work Tetrabiblios which deals with how to cast horoscopes.



Why did the ancients believe that the earth did not move and was in the center of the universe with everything revolving around it?



_	they believed that earth, being the heaviest of the four elements, would move to its natural place at the center of the universe (as Aristotle taught)



_	they could not feel any motion of the earth



_	they reasoned that a rotating earth would toss things on it's surface off into space



_	they could not observe stellar parallax

�The Heliocentric Theory Prevails



From the age of Ptolemy until the 16th century, practically the only contribution to astronomy was the preservation of the Greek ideas and writings by Hindu & Arab scholars.  Europe in the middle ages slid into an anti-scholastic mindset where one of the primary astronomical speculations was the discussion of the nature of the waters above the firmament of the heavens as described in the book of Genesis.  In the Dark Ages men thought that the earth was flat, and had completely forgotten many of the advances of Greek astronomy.



In medieval Europe, little by way of new astronomical investigations occurred until the nephew of the Polish bishop of Ermland took up astronomy.  He was Nicolas Copernicus (1473-1543).  He studied liberal arts at Collegium Magus in Cracow, canon law at the University of Bologna, medicine in Padua, and got a canon law degree from the University of Ferrara.  Typical of early Renaissance scholars, he studied everything!  His uncle made him one of the 16 Canons of Frauenburg Cathedral, a rather cushy job which gave him time to pursue astronomy.



He published his De Revolutionibus in 1543 while on his deathbed.  In this book, he set forth his ideas of planetary motion & earth motion.  He showed that the idea of a moving earth was simpler than a stationary earth.  He argued that the earth and five other known planets revolve around the sun (heliocentric).  He deduced also that the closer a planet is to the sun, the faster it revolves.  He correctly described retrograde motion as the result of the earth's motion, rather than from epicycles.  He recognized the difference between sidereal period of planets (relation to stars) & synodic period (relation to Sun).   He determined distance to planets from the sun quite accurately.



Copernicus----------------------------------------Modern



Mercury .38                                       .387



Venus .72                                         .723



Earth 1.0                                         1.0



Mars  1.52                                        1.52



Jupiter 5.22                                      5.20



Saturn 9.17                                       9.54



Copernicus was a theoretical astronomer who did his work with pen and paper based on the data of others.  He apparently did not observe the sky often, although he did have some crude naked eye instruments for observation which he used only occasionally.



Unfortunately Copernicus' system was no better than Ptolemy's in predicting planetary positions (because Copernicus used circles rather than ellipses to describe planetary motion), which is why it was not widely accepted.  



Copernicus was one of a minority of astronomers of this era who was not an astrologer.



Tycho Brahe (1546-1601) was a Danish nobleman with an interest in astronomy.  He was a very precise observer of planetary positions, perhaps the most accurate since Hipparchus.  His naked eye observations of planetary positions were accurate to 4' of arc.  He built an observatory called Uraniborg on an island off the coast of Denmark where he observed from 1577 to 1597.  His observatory had many instruments for observing the precise positions of stars and planets, all predating the invention of the telescope.  In 1572 he observed a supernova which rivaled the brightness of Venus.  He collected data over more than 20 years making very detailed observations of the motions of the sun, moon and planets.  



His observations of planetary motion were accurate enough to convince him that Ptolemy's system was wrong.  He rejected the heliocentric theory of planetary motion of Copernicus in favor of a geocentric model of his own design.  The Tychonic system of planetary motions had the sun and moon going around the earth, but all other planets going around the sun, with the stellar sphere centered on the earth. 



Like many astronomers of the Renaissance, he was an avid astrologer.  In 1600, the year before his death, he obtained the assistance of a young German mathematician, Johannes Kepler.



Johannes Kepler (1571-1630) is the greatest contributor to the theory of planetary motion in modern astronomy.  Kepler met Brahe after Brahe left his island and moved to Prague.  When Brahe died Kepler took all of Brahe's observational data.  He used the data to analyze the problem of planetary orbits which had puzzled astronomers since antiquity.  



He stated his 3 famous laws of planetary motion in 1618-20-21.  These laws finally solved the age old problem of planetary motion and allowed astronomers to accurately predict the positions of the planets.  Kepler published The Epitome of the Copernican Astronomy.



Kepler looked at the curves produced by cutting through a cone at various angles:  circle, ellipse, parabola, and hyperbola.  He used these curves to describe planetary motion.  The ancients had considered only the circle, as did Copernicus.



Kepler's 3 laws of planetary motion: 



Law of Ellipses  1) Each planet moves about the sun in an orbit that is classified as an ellipse, with the Sun at one focus of the ellipse.



Law of Equal Areas  2) The straight line joining a planet & the Sun sweeps out equal areas in space in equal intervals of time.



OVERLAY T-14 Figure 3-6



Harmonic Law  3) The squares of the sidereal period of the planets are in direct proportion to the cubes of the semi-major axis of their orbits.  This formula is the most important one in planetary astronomy!



	�EMBED Equation.2���
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p = sidereal period of planet; a = semi-major axis of orbit; K = constant depending on units used to measure time & distance; if years and astronomical units (1 AU = 1.5 x 108 km) are used, then K=1



(OVERLAY T-13 Figure 3-4)



Newton's revision of Kepler's 3rd law allows us to find the masses of celestial objects.



Kepler was brilliant, but he was obsessed with astrology.



Galileo Galilei (1564-1642) was a contemporary of Kepler.  Born in Pish, Italy he became a mathematician and professor of mathematics at the University of Padua in 1589.  He remained there until 1610 when he left to become the mathematician for the Duke of Tuscany.  While at Padua, he became famous as a brilliant lecturer and scientific investigator.  He experimented with laws of mechanics and astronomical studies.  He invented and built the first astronomical telescope which was a refractor; his first being a 30x with 1" objective aperture.  He did not invent lenses (they had been used for vision correction for about 300 years), but was the first to use them to look at the heavens.  He described gravity, but did not apply it to the cosmos, which was left to Newton.



1. He discovered the 4 moons of Jupiter which are still referred to as the Galilean satellites (Io, Europa, Ganymede & Callisto.)



2. He noticed the oddity of Saturn, but could not resolve the rings (Huygens discovered them in 1655)



3. He saw markings on Mars.



4. Phases of Venus



5. Sunspots, which was why he was blind at the time of his death--he didn't know about safe solar filters.



6. Craters & mountains on the moon



7. Resolved the Milky Way into individual stars



His published his observations in a publication known as The Starry Messenger, but it was his Dialogue on the Two Chief World Systems in 1632 where he argued the Copernican heliocentric theory over the Ptolemaic geocentric theory.  This was what got him in trouble with the Church.



Galileo's problems make an excellent study of the confusion of the roles of religion and science:  a mistake which is no less common today than it was in the 17th century.  Then the church threatened to punish scientists because they held scientific views which the church (erroneously) thought were a threat to religion.  Today scientists increasingly make ethical and religious statements on their authority as scientists which seek to supplant religious faith.  Neither approach is intellectually honest, because just as religion cannot dictate a particular science, science cannot dictate ethical statememts or prove atheism.



Isaac Newton (1643-1727) was born in England one year after the death of Galileo.  (Christmas Day-1642)  His greatest contributions to astronomy were in mechanics, optics, & mathematics.  He conceived all this work included his famous laws by the time he was 24 years old.  



He attended Trinity College in Cambridge in 1661 and 8 years later was appointed professor of mathematics there.  Newton's friend, Edmund Halley (Halley's comet) persuaded Newton to publish his works on mechanics & gravitation.  The result was Philosophiae Naturalis Principlia Mathematica (The Mathematical Principles of Natural Philosophy).  His laws dealt with inertia, momentum, velocity & mass.  He invented the reflecting telescope.



Newton's Three Laws:



1)	Law of Inertia  A body remains at rest or moves in a straight line at a constant speed unless acted upon by outside forces.



2)	Law of Force  If a force acts upon a body, the body accelerates in the direction of the force, its momentum changing at a rate numerically equal to that force but inversely proportional to its mass.
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F is the force, m is the mass, and a is acceleration.



Remember that acceleration is a change in velocity or direction of a moving object.  Hence a car going 55mph along a straight road is not accelerating, but the moment it starts around a turn it is accelerating even though its velocity does not change.



Such acceleration is important in astronomy, since that is the motion taken by an object in orbit.  Newton devised the formula to measure this type of acceleration, known as centripetal acceleration.
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Where "a" is the centripetal acceleration, V is the circular velocity, and R is the radius of the circle.



3)	Law of Action-Reaction Forces are always mutual, that is if a force is exerted upon a body, that body reacts with an equal & opposite force.



Universal Law of Gravitation 



Between any two objects anywhere in space, there exists a force of attraction that is in proportion to the product of the masses of the object & in inverse proportion to the square of the distance between them.
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Where F is the gravitational attraction between two objects of mass m1 and m2, whose centers are separated by distance R.  G is the gravitational constant in meter-kilogram-seconds of 6.67 x 10-11. 



Newton's Revision of Kepler's 3rd law allows us to find the masses of celestial objects.  Newton reinvented Kepler's third law (the Harmonic law) as follows:

�

	�EMBED Equation.2���

�seq Equation  \* Arabic�5�

As in Kepler's third law, "p" is sidereal period of planet, and "a" is the semi-major axis of orbit.



Newton also devised the formula for escape velocity (the speed beyond which an object will escape from the gravitational pull of a body).
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ves is the escape velocity, M is the mass of the body, and R is its radius.



The planet Neptune was discovered by using Newton's laws of gravitation applied to explain why Uranus did not keep to its expected orbit. 



Newton's theoretical work with gravity proved what Kepler observed.  Just as Aristotle gave Ptolemy's cosmology its theoretical underpinnings, so Newton's laws provided Copernicus' and Kepler's cosmos with its theoretical support.



Newton's work would dispel the notion of an absolute position of rest or absolute space in the universe, but he personally resisted the idea for religious reasons.



Albert Einstein and Relativity



In 1887 Albert Michelson & Edward Morley performed an experiment to reveal the absolute speed of the earth in space by measuring the velocity of light in different directions.  The experiment, much to their surprise, failed to show any motion of the earth.  The velocity of light in all directions was the same!



In 1905, Albert Einstein announced his special theory of relativity based on two postulates:



1) There is no reference system with respect to which we can measure "absolute motions" in space; the best we can hope for is to measure the relative motion of one object to another.  There is no point at rest.



2) The speed of light, with respect to all observers is the same, (186,000 mi. per sec. or 300,000 km per sec.) no matter at what speed the observer is traveling.



Energy Formula by Einstein 
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This theory means that a body in motion has more mass, although the effect is not really noticed till one approaches the speed of light. E.g., a body moving at 10% of the speed of light has a mass 0.5% more than normal, while at 90% the speed of light the mass of the object would be more than doubled, and at the speed of light (if an object could attain that speed) the body would have infinite mass. This is why nothing can move faster than the speed of light.



Special relativity deals with the observations made by observers at rest or in constant motion.



In 1915, Albert Einstein proposed the general theory of relativity.  General relativity deals with observations made by observers who are being accelerated.



Space and time themselves are affected by bodies moving and forces acting.  Space and time are not unchanging arenas where events occur, but are themselves changed by the events.  E.g., time slows down as one approaches the speed of light, and gravity of an object bends light around the object because space itself is bent by the gravity. Time is slowed down by gravity.  Gravity is not really a force, it is an alteration of spacetime.



Newtonian physics using Kepler's laws accurately described the motions of the planets, with one exception.  Mercury's perihelion shifts 1.38 arc seconds each 88 day revolution, but according to Newtonian physics the shift (caused by Jupiter and the other planets) should only be 1.28 arc seconds.  This discrepancy could not be explained till Einstein explained that the warped spacetime (Einstein preferred the term 'curved spacetime') as described by general relativity caused by the sun's gravity near Mercury accounted for the extra 0.10 arc seconds.



Both space and time are relative.

�My attempts at being an author:



The trashy romance novel--



It was just after midnight.  Jim and Rebecca looked into one another's eyes and saw the stars.  Out the east window a beautiful orange full moon had just cleared the horizon.  Neither spoke.  Jim took Rebecca in his arms and carried her up the stairs to the bedroom where a night of unrelenting passion was about to ensue.



The science fiction novel--



At last I have the evidence I need, thought Norman.  No longer will I be the laughingstock of the University's astronomy department.  The alien humanoids had been visiting him every Tuesday evening for the entire semester, but no one would believe him, until now.  Last Tuesday evening when Bleep and Gorp were in his living room talking with one another, he overheard them disclosing the location of their home planet.  It revolved around the sun at exactly one-half the earth's distance to the sun, but its year was exactly the same as earth's.  Because of its orbit the planet was always between the earth and the sun and in the sun's brilliant glare where it had never been discovered, until today.  Norman smiled as he leaned against his telescope, knowing that the pretty girl in the third row of his astronomy class would not refuse to go out with him once he announced his discovery of the tenth planet of the solar system.



The detective novel--



Already it was March 3d and the girl had been missing for a week with barely a clue of where she was or whether she was still alive, until now.  Homer looked at Watkins.  This could be a clue to the whereabouts of the kidnapped girl.  "Play the recording again, Watkins," intoned Homer to his dull-witted partner.  Watkins again restarted the cassette player with the tape which the police had turned over to them after the call had come in on the 911 line at headquarters.  "These men are desperate," said a whispered female voice.  "I was taken in a plane for several hours, and I was completely blindfolded the whole time.  This room has no windows, and I don't even know what city or state I'm in.  All I can see is this really bright star straight overhead through a hole in the roof.  Please rescue me."  Then the tape ended.  "What do we know about this tape, Watkins?"  "Only that the 911 operator received it at --:-- last night," replied Watkins to his boss.  "But how does that help us," he asked. 

�	EQUATIONS TO REMEMBER
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�Light, Optics, Telescopes



The electromagnetic spectrum: ROY G BIV in the visible from 700 nm (or 7000 Å) in the deep red to 400 nm (or 4000 Å) in the deep violet.  Color is our eyes' way of differentiating between light of different wavelengths.  The wavelength of colors are approximately : red 6600Å, orange 6100Å, yellow 5800Å, green 5300Å, blue 4700Å and violet 4200Å.



Radio, Microwave, Infrared, Light, Ultraviolet, X-rays, Gamma rays



®	Wavelength decreasing ®

®	Frequency increasing ®

®	Energy per photon increasing ®



Romantic men inevitably love ugly x girlfriends.



(OVERLAY T-15; Figure 4-3)



Our atmosphere is transparent to visible light and radio waves, slightly transparent to near infrared, and opaque to most of the rest of the spectrum.



The tools of the astronomer:  the telescope.



Galileo invented the telescope in 1609, a refractor with 1" apperature objective lens.  His telescope magnified to about 30x.



Light is refracted (bent) at the surface of transparent materials making a refracting telescope possible.



(OVERLAY T-16; Figure 4-4)



Describing a refracting telescope:  the objective lens has a focal length (usually abbreviated F or F.L.) and an apperature diameter -- both of these are usually measured in millimeters or inches.  The objective is typically one or more lenses made of different kinds of glass; traditionally flint and crown glass.  f/x is the focal ratio, F is the focal length and D is the apperature diameter.
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In order to complete the optical system we need to add a second lens or set of lenses at the focus of the objective. 

�
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M is the magnification (casually called "power"), and f is the focal length of the eyepiece (ocular).



(OVERLAY T-16; Figure 4-6)



Facts about telescopes:



¨  Inverted images -- without mirrors to turn the image right side up, a telescope inverts the image



¨  Chromatic aberration, partially solved by using doublets of crown and flint glass for an achromatic objective.  (Figure 4-7)

In refraction of light, the angle through which light is refracted is a function of its color (wavelength) and the index of refraction of the particular type of glass.  Blue is refracted more than red.



¨  Stopping down -- the only way to change the f/x of a particular telescope



¨  Fast vs. slow focal ratios, e.g. f/4.5 vs. f/15



¨  Field diameter, measured in arc degrees, minutes and seconds



¨  Largest refractor: 40" f/19 Yerkes in Williams Bay, Wisconsin



¨  coatings: a single layer of MgF2 applied to a lens surface will reduce the reflection from about 5% to 1.5%



Newton invented the reflecting telescope by using a parabodial mirror for the objective instead of the objective lens.



(OVERLAY T-17; Figure 4-11)



This configuration is called a Newtonian reflector.



Largest single mirror reflector was the 200" (5 meter) Hale telescope on Mount Polamar till the completion of a 6 meter reflector in the USSR.  10 meter Keck telescope on Mauna Kea is presently the largest with its 36 hexagonal 1.8 meter mirrors.



How mirrors are made -- Roger Angle and Steward Mirror Lab at the University of Arizona.



Catadioptric telescopes -- they use a mirror, but first the light must pass though a corrector plate.



The equatorial mount and sidereal clock drive.



Dark adaption.



Better angular resolution is achieved with larger apperatures



Seeing refers to how steady or shaky the atmosphere is.  It is sometimes judged on the Antoniadi scale as follows:



I	Perfect seeing, without a quiver

II	Slight undulations, with moments of calm lasting several 	seconds

III	Moderate seeing, with larger air tremors

IV	Poor seeing, with constant troublesome undulations

V	Very bad seeing, scarcely allowing the making of a rough 	sketch



One solution for poor seeing is adaptive optics, sometimes called the "rubber mirror."



The ultimate solution for poor seeing:  observatories above the atmosphere -- the Hubble Space Telescope



Multiple mirror telescopes



Interferometry -- telescopes hooked together with effective apperature equal to the distance between the 'scopes.



Instrumentation at the focus: the eye, photographic plates, spectroscope, photometer, and charged-couple device (CCD)



How about the rest of the electromagnetic spectrum:



Radio telescopes had their beginning in 1932 when Karl Jansky of Bell Telephone Laboratories discovered that radio static which affected short-wave radio transmissions came from space, especially from the constellation Sagittarius (which happens to be the direction to the center of our galaxy). The largest radio telescopes include Arecibo's 1000 foot dish, Very Large Array (VLA) with its 27 dishes in a 19 km x 21 km x 21 km spread, and very-long baseline interferometry (VLBI).



Cosmic Background Explorer (COBE) and microwaves



Infrared Astronomical Satellite (IRAS) launched in 1983 which lasted for only several years, and balloon and aircraft observations including the Kuiper Airborne Observatory (KAO) of the infrared



International Ultraviolet Explorer (IUE) satellite launched in 1978 to survey 1160 Å to 3200 Å in the ultraviolet



Einstein Observatory satellite and x-rays



Compton Gamma Ray Observatory launched in 1991



Non-electromagnetic observations -- looking for neutrinos:



Neutrinos in the salt mine:  100,000 gallons of dry-cleaning fluid (perchloroehtylene or C2Cl4) can "see" neutrinos, because they will occasionally change one of the chlorine atoms into radioactive argon which can be detected.



What can the radiation from the electromagnetic spectrum tell us?



The measurement of wavelength is usually by linear metric units depending on the wavelength we are using:



1 kilometer  (km) = 103 meter

1 centimeter (cm) = 10-2 meter

1 millimeter (mm) = 10-3 meter

1 micron     (mm) = 10-6 meter  

1 nanometer  (nm) = 10-9 meter

1 angstrom   (Å)  = 10-10 meter

1 nanometer  (nm) = 10 Å



All electromagnetic energy can be described as wavelength using a linear measurement, or frequency in cycles per second (or hertz, abbreviated Hz).  The shorter the wavelength, the more the hertz.
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where (lambda) is the wavelength, c is the speed of light (3 x 1010 cm/sec), and v(nu) is the frequency



An important property of electro-magnetic radiation is the inverse square law.  The amount of energy passing through a unit area decreases with the square of the distance from the source.



The Kelvin temperature scale and absolute zero: absolute zero is -273° celsius, -460° F, or 0 kelvin. 



Blackbody radiation -- blackbody is defined as the perfect absorber of radiation -- hence it is black.



In 1893 the German physicist Wilheem Wien discovered that for a blackbody the wavelength at which the object emits the maximum amount of energy (the wavelength of maximum) depends on the object's temperature.  The higher (hotter) the energy, the shorter wavelength.  Wein's law is expressed as:  the dominant wavelength of radiation emitted by a blackbody is inversely proportional to its temperature, or
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where (lambda) is wavelength in cm, and T is temperature kelvin



This is a powerful tool in astronomy because it means we can determine the temperature of a star or other blackbody object from its radiation.



For example, a very cold object just above absolute zero, the dominant wavelength is in the microwave; an object at room temperature emits mostly in the infared; the sun at 5,800 K emits in the visible; objects at a few million kelvins emit x-rays.



(OVERLAY T-18; FIGURE 5-3) Blackbody Temperature Curves also known as Plank curves.



Austrian physicists Joseph Stefan in 1879 and Ludwig Boltzmann in 1884 discovered that an object emits energy at a rate proportional to the fourth power of the object's temperature in kelvins.  This is known as the Stefan-Boltzmann law, written:
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where F is the energy flux (the rate of flow of energy per unit area from the object measured in erg/sec), s (sigma) is a number known as the Stefan-Boltzmann constant equal to 5.67 x 10-8, and T is the temperature kelvin



Gustav Kirchhoff's (1824-1887) 3 laws of spectral analysis



R	A luminous opaque solid, liquid or highly compressed gas emits light of all wavelengths, thus producing a continuous spectrum.



R	A rarified luminous (hot transparent) gas emits light whose spectrum shows bright lines as an emission spectrum.



R	If white light, i.e., light from a continuous source, is passed through a lower temperature gas, the gas may subtract certain wavelengths from the continuous spectrum. Those wavelengths will be missing or diminished thus producing dark lines known as an absorption spectrum.



(OVERLAY T-20; FIGURE 5-13)



Particles vs. Wave Motion:  scientists have argued since the time of Newton over whether light is a wave or a particle.



To some extent, light acts like a wave, i.e., diffraction of light through a slit much like water waves through a hole in the breakwater of a harbor, interference patterns corresponding to the crests and troughs of the particular wavelength



But in other respects light acts like a particle, i.e., the photoelectric effect which Einstein explained and for which he won the Nobel prize.  It takes a certain exact amount of photon energy to release an electron from an atom.  Hence infrared or visible light would not do the trick, but ultraviolet light would. 



Quantum Theory 



In 1900 Max Planck (1858-1947) stated a model of light that it is always in discrete chunks of energy called quanta.  The higher the frequency (shorter the wavelength) the more energy is contained in each quantum (photon).  Light energy is measured in joules (J), with one joule = one watt per second, or electron volts (eV), with a single photon of visible light at 6200 Å (orange) having 2 eV.  



The Danish scientist Niels Bohr (1885-1962) used this quanta of light to devise a model of the atom whereby electrons have certain defined configurations, and not an infinite number of levels of energy.  They thus explained how the atom causes the particular types of spectral lines.  This also explained why 1216 Å photons would kick an electron from the n=1 (lowest) level of a hydrogen atom to the n=2 (second lowest) level, and why photons of slightly more or less energy would do nothing to the atom.



Bright line (emission) spectrum is explained by electron transition from one energy level to any level below it.



The absorbtion spectrum is explained by a continuous spectrum from which selected regions (lines) have been absorbed by the transition of electrons in the atoms that composed the particular intervening gas. 



If an electron, by too much energy input is sent beyond the highest energy level, it has been knocked free of its nucleus & the atom becomes ionized.



A particular photon has an energy level that equals the amount of energy given up by the electron making the downward transition.  Since the electron is limited to discreet energy levels, it can give off or absorb photons of predictable energy.  The amounts of up or down transition will determine the wavelength & consequently the spectrum lines.  We see that in a spectrum, each spectral line results from a transition between two particular energy levels of an atom.   The placement of the spectral lines in the spectrum depends on the transition made.  Example --Electron of a Hydrogen atom between n=1 and n=2 will always place it in the ultraviolet region at 1216 Å.



(OVERLAY T-21; FIGURE 5-18)



The Doppler Effect was first described by Christian Doppler in 1842.



The apparent change in wavelength of radiation from a source due to its relative motion in the line of sight -- blueshifted lines indicate an approaching light source, and redshifted lines indicate a receding light source. 



(OVERLAY T-22; FIGURE 5-19)



Scientific Notation of Elements



What do all of those little numbers and symbols mean which are found around the letters which represent the elements?



The number below and to the left of the chemical symbol is the atomic number, which is always the same for each element, e.g., 1H, 2He, 3Li, etc.  It is the number of protons in the nucleus.



The number above and to the left of the chemical symbol is the mass number which designates the isotope, which equals the sum of protons and neutrons in the nucleus, e.g., 12C, 14C, 3H, 4He, 235U, etc.  (Occasionally the mass number is above and to the right of the symbol)  Often mass number is designated with the element written out followed by a dash and an arabic numeral, e.g., carbon-12, carbon-14, etc.



The number below and to the right of the chemical symbol represents the number of those atoms in a molecule, e.g., H2O, N2, O3, NH3, etc.



The number or sign above and to the right of the chemical symbol is the charge of the ion (ionic charge) as generally used by chemists, e.g., H-, Li+, S2+, OH-, HF2-, etc.



Astronomers use a Roman numeral after a chemical symbol to refer to the ionization level of an element with I being the neutral element, II being singly ionized, III being doubly ionized, e.g., O III (doubly ionized oxygen), Ca II (singly ionized calcium), H I (neutral hydrogen), etc.

�Time, calendars and coordinate systems



The Chinese had a working calendar at least as early as 1300 B.C. Earliest Sun Dial-Egypt-800 B.C.  The Babylonians & Assyrians knew the approximate length of the year to be 360 days, while the Egyptians added a 5 day holiday every year to make a more accurate 365 day calendar.



The second and the mean solar day:



Today the basic unit of time is the second -- traditionally defined as 60 x 60 x 24 = 86,400 seconds in a day (more precisely 86,400.002 seconds for the mean solar day), so a second is 1/86,400th of a day.  Since 1967, the second has been defined as 9,192,631,770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of a cesium 133 atom, known as the SI second (abbreviated s).



The year:



Equation of time -- the difference between apparent & mean solar time.



The spring equinox is the point where the sun (ecliptic) crosses the celestial equator moving northward.  Use the spring or vernal equinox as the starting point:  the period the earth takes to make one revolution around the sun back to the equinox is the tropical year, or 365.2422 mean solar days, or 365d 5h 48m 46s.    The civil calendar established by Julius Caesar was the Julian Calendar which had 365.2500d in a year, done by adding an extra day at the end of every February in each 4th year.  In 1582 A.D. Pope Gregory XIII dropped ten days from the Julian calendar (October 5, 1582 was changed by fiat to October 15, 1582 which brought the calendar back in synch with the sky), and thus introduced the Gregorian calendar which we use today.  From October 15, 1582 onward the day was thereafter 365.2425d per year, which is a much better approximation of the 365.2422d tropical year.  

�Sidereal time:



The period the earth takes to make one revolution around the sun from one fixed star back to that same fixed star is the sidereal year, or 365.2564 mean solar days, or 365d 6h 9m 10s.  The difference is due to the westward precession of the vernal equinox, and makes the tropical year 20m 24s shorter than the sidereal year.



While the sidereal year is longer than the tropical year because of precession, the sidereal day is shorter than the mean solar day because of the daily motion of the earth around the sun manifesting itself in the apparent eastward motion of the sun through the stars. 



A sidereal clock measures a sidereal day 3m 56s shorter (23h 56m 4s long) than a mean solar day clock (which is 24 hours).  Since both days have 86,400 seconds in them, the sidereal second is not the same as the standard second -- it is shorter. 



The telescope's setting circles and clock drive operate on sidereal time, because it must be able to find and track the stars.



Celestial coordinates:



Right Ascension (sometimes denoted by the Greek letter a) of a star defines sidereal time, with 0h 0m 0s of R.A. being the point of the vernal equinox which is where the ecliptic crosses the equator as the sun moves north.  Right ascension increases eastward from this point till 24 sidereal hours later we are back to 0h 0m 0s.    



This point on the celestial sphere is known as the First Point of Aries, because when ancient Greek astronomy was being developed, that intersection of the ecliptic and the equator was at the western edge of Aries.  Today it has precessed into Pisces, but it is still known by the description of its location in ancient times. 



Because the vernal equinox precesses westerly, we must specify a date for the celestial coordinates of right ascension and declination -- Epoch 1950.0 or epoch 2000.0, etc.



Right ascension is thus the equivalent on celestial sphere to longitude on earth's sphere, except it is expressed in hours, minutes and seconds rather than degrees, minutes and seconds as longitude is.  Declination (abbreviated dec. or the Greek d) + or - (north or south of the celestial equator) is the celestial equivalent to latitude.



A star on the observer's zenith has a declination equal to the observer's latitude.



Local Sidereal Time (LST) is the reading of R.A. of a star on the observer's meridian (the moment of the star's transit).  Greenwich Sidereal Time (GST) is the reading of R.A. of a star on the prime meridian (the moment of the star's transit at Greenwich).



Astronomers usually call Greenwich Mean Time (GMT) Universal Time or just UT.  This time system uses the mean sun, rather than the actual movement of the sun, because the elliptical orbit of the earth makes the movement of the earth move at different speeds.  The difference between LMT and UT (after being converted from hours, minutes and seconds to degrees) is equal to the longitude of the observer either east or west of Greenwich.  The time on our clocks is not LMT but rather the LMT for the 7.5° on each side of each 15° meridian, subject to deviations for political boundaries, i.e., our local time zone.



Horizon coordinates:  This is measured in altitude and azimuth.  Due north is 0° of azimuth and 360°, east being 90°, etc.  The horizon is 0° altitude with the zenith being 90°.

�The Solar System



Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune and Pluto



remembered by these devices:



Many visitors enter my jail; some use no paths.



My very educated mother just served us nine pizzas.



The sun (which is a typical star) orbited by nine known planets, a belt (sic) of asteroids, and comets.  The reach of the solar wind defines the outside boundary of the solar system.  Since no satellite has reached this outside boundary, we do not know how large the solar system is.  As of 1990 Pioneer 10 was out to 47 A.U. (or 7 billion km) and still had not found the edge of the solar wind.  Pluto orbits farthest out (although presently Neptune is farther out) at 39.5 A.U. from the sun.



Nearest star to our sun is Proxima Centauri 265,588 A.U. or 4.2 ly from our sun.  Since an A.U. is 150 million km or 93 million miles, that's quite a distance traveling at conventional speeds of even fast rockets.



If we include the Oort comet cloud as part of the solar system (a roughly spherical cloud with a heavier concentration along the ecliptic plane) the trillion or so comets orbit mostly 10,000 to 20,000 A.U. from the sun, with the outermost reaches perhaps 200,000 A.U. out, and its innermost edge at the orbits of Uranus. 

Orientation and motions of the planets:



All planets orbit roughly in the same orbital plane, i.e., the plane of the ecliptic.  The earth defines the plane, hence it has an inclination (by definition) of 0°.  The rest of the planets are inclined to the ecliptic no more than 3.5°, except for Mercury which is 7°, and Pluto which is 17.1°.



For this reason when observing planets one must always look near the ecliptic; they won't be seen just anywhere in the sky.



All planets orbit prograde, or counter clockwise if you were looking down on the solar system from high above the north pole.



Most of the moons revolve prograde, and most planets rotate prograde (Venus, Uranus and Pluto being exceptions, but exceptions which prove the rule).



Orbital eccentricities are very small (close to circles) with Mercury and Pluto having the most elliptical orbits.  (A circle has an eccentricity of 0, and the longer and flatter the ellipse, the closer the eccentricity is to 1, but never can it be 1)  All planets have eccentricities less than .093 except for highly elliptical Mercury (0.206) and Pluto (0.250).



Orbits are not around the more massive body, but around the barycenter of the two bodies involved.  The sun is so massive compared to the rest of the planets, that we can say that the planets orbit the sun.  But in the earth-moon or Pluto-Charon systems the barycenter is significantly offset from the center of the larger body.



There are two categories of planets:  terrestrial and jovian.  

¨	Terrestrial planets orbit close to the sun, with jovian planets farther out.  

¨	Jovian planets are much larger with deep and dense atmospheres, and terrestrial planets are relatively smaller with less dense atmospheres.  

¨	Terrestrial planets have high densities (3.9 to 5.5 g/cm3), and jovian planets have much lower densities (0.7 to 1.8 g/cm3).  For comparison, water has a density of 1.0 g/cm3.

¨	All jovian planets have rings, but none of the terrestrial planets do.

¨	Jovian planets have an abundance of moons, while the terrestrial planets have few or no moons.



Magnetism is an important feature of the solar system.  Magnetism is caused by planetary or solar rotation and movement of metallic substances in the body; the more movement, the greater the magnetic field.



ORIGIN OF THE SOLAR SYSTEM



The only solar system which we can conviently see is our own. The recent discovery of planets around a millisecond pulsar neutron star in Virgo (PSR1257+12) are too far away to see visually.  At present theories of the evolution of stars are more refined than our theories of the evolution of our Solar System.  The sun contains less than 2% of the angular momentum of the whole system; the planets contain 98% of the angular momentum.



Immanuel Kant (1724-1804) and Marquis de Laplace (1749-1827) - the Kant-Laplace nebular model:  mass of gas & dust in rotation & coalescing & growing by accretion to form central sun & planets.



Thomas Chamberlain (1843-1928) and Forest Moulton (1872-1952) in 1900 gave us the catastrophic model - passing star, by tidal (gravitational) forces could have torn a huge filament of gas from the Sun & due to its passing direction & angular momentum thrown this huge filament into a revolving grouping of matter around our Sun - thence this matter condensed into the planets.



Jerns-Jeffries theory of 1917 predicts that a contracting ball of gas reduced itself by accretion into the Sun & planets.  This theory is the most widely accepted one.



The formation and aging of individual planets



The spacing of the planets and Bode's Law (so called):



0,3,6,12,24,48,96,192,384,768



Add 4 to each number and divide by 10 to give the approximate distance of a planet from the sun in astronomical units.  



For example, (0+4)/10=0.4 is a pretty close figure for Mercury which is really 0.39 A.U.



The asteroids where discovered at about (24+4)/10=2.8 when astronomers in the early 19th century used Bode's law to hunt for a planet between Mars and Jupiter where one should have been, according to Bode's law.



N.B.:  Bode's law does not give an accurate distance for Neptune and Pluto.



Units of Measure for Solar System & Stellar Distances 



The measurement of distances in space is usually by the following  units depending on the distances involved:



1 astronomical unit (AU) = 1.5 x 108 km (150 million kilometers)

1 astronomical unit (AU) = 499 light seconds or 8.3 light minutes

1 light year (ly) = 9.4 x 1012 km (9.4 trillion kilometers)

1 light year (ly) = 63,240 AU

1 light second    = 3 x 108 meter (300,000,000 m or 300,000 km)

1 parsec          = 3.26 ly

�The terrestrial planets:  Mercury, Venus, Earth and Mars



Observing them:  Mercury and Venus revolve inside of the Earth's orbit, hence they never stray far from the sun.  They can only be seen as morning or evening "stars" but never in the middle of the night.  Mars on the other hand orbits outside of Earth's orbit, hence it can be seen in the middle of the night too, just like the jovian outer planets.



Orientation of the inner and outer planets (Figure 3-4, T-13)



Inner planets (Mercury and Venus) will show the full range of phases like the moon; outer planets will show only full, and

if they are close enough to us, gibbous phases.



Terrestrial planets are characterized by being relatively smaller, more dense, having high iron and nickel contents in their cores, and a thin atmosphere.

�MERCURY



�PRIVATE ��Distance from Sun & Size�0.39 A.U. (57,910,000 km.); equatorial diameter 4880 km or 38% of earth's diameter��Mass; Density�5% of Earth or 3.3 x 1026g; 5.43 g/cm3��Rotation & Revolution�sidereal period is 88 days; rotation period 58.65 days (note that rotation is 2/3s of revolution) which means that the synodic day is 2 Mercurian years��Inclination & Eccentricity�7° (orbital), 0.0° (axis) and 0.206:  the most orbital inclination and eccentricity of any planet except Pluto ��Atmosphere & Climate�no atmosphere; surface temperature on sunlit side 417° C (700 K), dark side -183° C (100 K)��Magnetic Properties�very weak, perhaps 1% the strength of earth's magnetic field��Explorations �Mariner 10 in three flybys in 1973-74 mapped 45% of its surface��Geology�heavily cratered like our moon; a world with no current geological activity; surface is old��Observations �Because it moves so quickly around the sun it takes only 3 weeks to move through its full set of phases.  Moves more quickly from night to night than any other planet.  Never appears more than 28° from sun.  It must be observed within 45 minutes or so of sunrise or sunset from (43° N latitude), hence it is elusive. It is an easier object from the latitude of Florida.  Creamy color with almost no clear surface features.  Albedo is 10%��Moons & Rings�none���VENUS



�PRIVATE ��Distance from Sun & Size�0.72 A.U. (108,200,000 km.); equatorial diameter 12,100 km or 95% of earth's diameter��Mass; Density�81% of Earth or 4.9 x 1027g; 5.25 g/cm3��Rotation & Revolution�sidereal period is 224.7 days; rotation period 243 days retrograde; if we could see the sun rising on Venus, it would rise in the west and set in the east��Inclination & Eccentricity�3.4° (orbital), 177.3° (axis) and 0.0068:  the most circular orbit of all of the planets��Atmosphere & Climate�95 atm of 96% CO2, 3.5% N2 w/ traces of H2O, CO, HCl, SO2, HF, He, Ne, & Ar; 457° C (740 K) day, -447° C (730 K) night; opaque cloud cover with runaway greenhouse effect��Magnetic Properties�1/25,000 th as strong as earth's -- solar wind is stopped by the dense atmosphere��Explorations �Satellites have included Mariner 2 (1962), Venera 3 (1966), Venera 7 (1970), Venera 9 (1975), Pioneer Venus 1 (1978), Vega 1 (1985), Magellan.  Much of what we know comes from radar scans of the surface by orbiters, although some Russian probes have penetrated the atmosphere and landed.��Geology�similar to earth but with no liquid oceans; many volcanoes ranging from small cones to huge shield type, mountain ranges, faults and canyons produced by extensive tectonic activity, but not the plate tectonics found on earth; numerous craters of relatively recent vintage (last 500 million years)��Observations�Never appears more than 47° from sun.  It is the brightest of all the planets.  When in crescent it appears largest of the planets.   Beautiful full range of white phases with no surface features.  Albedo is 76%��Moons & Rings�none��

NB:  Much about Venus is still uncertain.  The surface has not yet been seen except by some landers which don't last very long.  Why does Venus not have a magnetic field like earth?  Why so many recent impact craters?  Many unanswered questions.

�EARTH



�PRIVATE ��Distance from Sun & Size�1 A.U. (149,600,000 km or 93,000,000 miles); equatorial diameter 12,656 km or 7,917 miles��Mass; Density�6.0 x 1027g or 1/331,950 solar mass; 5.4 g/cm3��Rotation & Revolution�sidereal rotation is 23.9345h; sidereal year is 365.2564 mean solar days, or 365d 6h 9m 10s.��Inclination & Eccentricity�0° (orbital, by definition), 23.45° (axis)

0.0167��Atmosphere & Climate�77% N2, 21% O2, 0.3% CO2, 0.1% H2O w/ traces of Ar, CO, SO2, He, Ne and others��Magnetic Properties�magnetic field caused by the spin of the planet acting on the metallic core; captures charged particles from solar wind to produce the Van Allen radiation belts found by Explorer satellite in January of 1958, the N magnetic pole is offset about 14° from the N pole of rotation; solar wind is deflected around earth by the magnetic field��Explorations �check it out yourself��Geology�Information about interior is obtained from seismic wave studies during earthquakes.  Solid inner core is mostly iron & nickel; liquid iron outer core, molten mantel of rock forming substances, all covered by a 8 to 70 km thick crust constantly changing due to plate tectonics and subduction, hence the surface is recently formed, and constantly being re-formed��Observations�Albedo is 39%��Moons & Rings�our old familiar friend: luna�� 

�10 motions of Earth:



1)  rotation on axis (once per day) or 0.465 km\s at equator



2)  revolution around the sun - once per year at 29.8 km/s



3)  precession of equinox (one cycle every 25,800 years)



4)  shifting from its axis of rotation periodically (variation in latitude) the actual migration of the terrestrial poles along the earth's surface--amounts to a maximum of 50'



5)  nutation--a small change superimposed on precession due to the moon's revolutionary plane around the earth being 5° off the ecliptic



6)  the barycenter of the earth-moon system (3000 miles from the center of earth) revolves around the sun in an elliptical orbit



7)  sun (and consequently the earth) moves in relation to the stars (solar motion = 19.75 km/sec toward the star Vega)



8)  revolution of the sun (and consequently the earth) around the center of the galaxy once every 220 million years at an orbital speed of 250 km/s



9)	our galaxy and the other galaxies of the Local Group moving toward the Centaurus Cluster of galaxies at 600 km/s as measured by the doppler shift of the cosmic microwave background radiation;  perhaps it it the Great Attractor which draws us 



10)  all galaxies receding from each other at the speed of the Hubble constant (H0 » 50 to 100 km/s per Megaparsec)

�MOON



�PRIVATE ��Distance & Size�384,400 km or about 30 times earth's diameter; diameter of 3476 km or 27% of earth's diameter��Mass; Density�1/ 81 the mass of earth; barycenter is 1/81 x 239,000 = 3,000mi. from center of earth; 7.35 x 1025g; 3.3 g/cm3  ��Rotation & Revolution�rotation and revolution are synchronous -- synodic period (month) once every 29.5 days; sidereal period is 27 1/3 days; since moon moves approx 360° in 30 days, it moves about 12°/day or 1/2° /hr. (its approx. angular diameter eastward each hour) ��Inclination & Eccentricity�the plane of the moon's orbit is tilted 5° from ecliptic��Atmosphere & Climate�no atmosphere; 137° C (410 K) in the daytime,

-190° C (83 K) at night ��Magnetic Properties�one 10 millionth as strong as earth's; visitors need not remember to pack their compass��Explorations �probes were numerous between 1959 and 1976 including manned Apollo and unmanned Luna collections of lunar rock and "soil" samples��Geology�highlands (or terrae) are heavily cratered areas, and the oldest on the surface; maria covers 16% of surface and predominate on earth's side of the moon, relatively smooth darker areas consisting of basalt lava flows which have covered older terra; mascons are areas of higher mass beneath the mariae; lunar "soil" is regolith of surface rock pulverized by meteorite and micrometeorite bombardment; many lunar samples are breccias indicative of meteor bombardment��Observations�observations are best along the terminator;  rays around craters are best seen at full moon; Albedo of 7%��Earth's Tides�moon gravitational attraction is the major cause of ocean tides; two low & high tides every 24h 49m.���Tides are caused by differential attractions of the sun and moon on the earth's oceans; tides are essentially caused by the different gravitational strength.  Part of the earth nearest the moon or sun is attracted more strongly by its gravitational pull than the side of the earth that is further away from the moon or sun.  Moon transits 50.47 minutes later each day (on the average), hence high tides come about 50 minutes later each day.  Isaac Newton was the first one to explain how the tides are caused.



Nodes:  The moon's orbit intersects the ecliptic at two points on opposite sides of celestial sphere.  These are called nodes. The node at which the moon crosses the ecliptic moving northward is called the ascending node & moving southward, the descending node.  The nodes slide retrograde, i.e., westward, one cycle in 18.6 yrs.   This "regression of the nodes" is caused by perturbations by the gravitational attraction of the sun on the tilted axis (5°) of moon's orbit.



Perturbations also cause the inclination of the moon's orbit to vary from 4°57' to 5°20!  Average=5°



While overall the moon rotates at a constant rate, its orbital speed varies from time to time so that rotation & revolution are not always in step.  Also its axis of rotation is not perpendicular to its orbital plane so we see a little over its north pole & half a revolution later, a little under its south pole.  Because of its constant rotation & varying revolution (speed in orbit) we see over the east & west limbs through the lunar month.  These effects are called librations & because of them, we can see over a lunar month about 59% of the moon's surface.



Moon's angular DIA.-Average 31'5" Moon's maximum angular DIA.-33' Sun's Ave. angular DIA.-1.7% above ave.=32'2.25



ECLIPSES



Every six months, we have the possibility of lunar & solar eclipses. When the line of nodes point directly at the Sun, then a lunar or solar eclipse is possible.  The eclipse season changes slightly each period due to regression of the nodes, i.e., westward movement along the ecliptic.  In 18.6 yrs., the seasons would be roughly back where they were to begin with.  This is known as the Saros Cycle and was known to the ancient Babylonians.



An observer in the Umbra will see a total eclipse 

An "        "  "   Penumbra " "   " partial "

An "        "  "   Annularcone""  " annular eclipse





The Danjon scale has been historically used to estimate the darkness of a lunar eclipse:



L=0:	very dark eclipse, moon almost invisible, especially in mid- totality

L=1:	dark eclipse, gray or brownish coloration, details distinguishable only with difficulty

L=2:	deep red or rust-colored eclipse, umbra usually having a very dark center and relatively bright outer rim

L=3:	brick-red eclipse, umbra usually having a yellow or bright gray rim

L=4:	strikingly bright cooper-red or orange eclipse, with very bright bluish tint where umbra and penumbra meet



The ecliptic limit (because of the physical sizes of the moon & Sun is within 12° of a node or node point +12° the line of nodes can therefore remain within the ecliptic limit for approx. one month.  There the possibility exists for 4 solar eclipses/yr. 

(new moon on the one side of ecliptic limit &

 "   "    "  "   other "  "  "        "

six months later-the same phenomena-one other extreme condition utilizes the above possibilities, but regression may bring the line of node back into the ecliptic limit-making for the possibility of 5 solar eclipses/yr.-regression cycle-18.6 yrs. or about 1/18 of cycle/yr. The path of totality of a solar eclipse reaches a max width or minor axis of eclipse of 167 miles.



Totality lasts from seconds of time to a maximum of approx. 7 minutes.  The minimum speed of the eclipse shadow  as it travels over the earth's surface is equal to the moon's speed in its orbit(2,300 mi./hr.) minus the earth's rate of rotation in the same direction=1,100mi./hr. on the other hand-the shadow could be moving against earth's rotational speed & max speed can be 5,000mi./hr.

�MARS



�PRIVATE ��Distance & Size�1.52 A.U. (227,900,000 km); equatorial diameter 6796 km or 53% of earth's diameter��Mass; Density�11% of Earth or 6.4 x 1026g; 3.9 g/cm3 ��Rotation & Revolution�sidereal rotation on axis 24h 37m;

revolution around sun 687 days or 1.88 years��Inclination & Eccentricity�1.8° (orbital), 25.2° (axis); 0.093; every 15-17 years we have a close opposition of Mars because of its rather elliptical orbit��Atmosphere & Climate�99% CO2  w/ traces of other gasses at a pressure 1% atm; polar caps of frozen CO2 which change size with the season; temp. range 20° C (or 293 K) to -140° C (or 133 K); from the surface the sky appears a salmon color due to dust; dust storms can be large and last for weeks��Magnetic Properties�no stronger than 1/5000 th of earth's field��Explorations �Mariner 6 & 7 flybys in 1969 and Mariner 9 orbiter in 1971; 4 Viking probes arrived in 1976, with 2 orbiting and 2 landing and sending back surface pictures for several years��Geology�cratered highlands; plains of volcanic origin with fewer craters; and numerous dead volcanoes including Olympus Mons (largest shield volcano in the solar system); canyons with layered sediments (formed by faulting and groundwater erosion) and channels; polar caps of dry ice��Observations�can be seen best at opposition which occurs every two years; reddish to orange in the telescope with polar caps; slight gibbous phase can be seen; G. V. Schiaparelli (1877) mistakenly said he observed canals; Percival Lovell studied Mars telescopically & named many of the features and claimed he saw 160 canals, but in fact there are no canals on Mars; -2.0 Mag. at opposition; Albedo is 16%��Moons & Rings�both moons are very small and irregular in shape (like small asteroids); Deimos is the outer moon at only 23,500 km & Phobos revolves retrograde only 9400 km from Mars faster than Mars rotates���Interesting facts about the moons of mars:



Kepler speculated, after hearing of Galileo's discovery of 4 satellites of Jupiter that Mars would have two moons.  Also Jonathan Swift in 1726, in his satire "Gullivers Travels" described two satellites of Mars: "2 satellites which revolve about Mars, whereof the innermost is distant from the center of the primary planet exactly 3 of the diameters & the outermost 5, the former revolves in the space of 10 hours & the latter in 21 1/2, so that the squares of their periodical times are very near in the same proportion with the cubes of their distance from the center of Mars, which evidently shows them to be governed by the same laws of gravitation that influences the other heavenly bodies" -end quote.  



In actuality, the two moons of Mars (Phobos & Deimos) were discovered by Asoph Hall in 1877 using the 26" refractor at the U.S. Naval Observatory.  Phobos is within 3,700 miles of Mars & its period of revolution is less than one day.  It therefore would appear to rise in the west & set in the East traversing the martian sky at the equator in 4 1/2 hrs.    Deimos, moving very slowly from east to west remains above the horizon at the equator & rises every 132 hours on the average.  Phobos is slowly spiralling in toward Mars & may one day break apart to make a ring around Mars. 

�The Gas Giants (jovian planets)



JUPITER



�PRIVATE ��Distance & Size�5.2 A.U. (778,300,000 km); equatorial diameter 143,800 km or 11.2x earth's diameter; polar diameter is 10.6x earth's; largest planet��Mass; Density�318x earth or 1.9 x 1030g; 1.3 g/cm3��Rotation & Revolution�equatorial (system 1) 9h 50m 30s, high latitudes (system 2) 9h 55m 41s, internal (system 3) 9h 55m 30s; fast rotation makes it extremely oblate; sidereal revolution 11.7 years��Inclination & Eccentricity�1.3° (orbital); 3.1° (axis); 0.0483��Atmosphere & Climate�90% H2, 10% He, 0.2% methane CH4, 0.03% ammonia NH3, 0.0001% water vapor H2O, and other lesser trace compounds of hydrogen; -118° C (165 K) at the cloudtops; distinctive dark belts and light zones of clouds traveling at different wind speeds; Great Red Spot is largest and oldest storm in the solar system��Magnetic Properties�strongest magnetic field of any planet; 19,000x stronger than earth's; produced by the fast rotation acting on the metallic liquid hydrogen surrounding its core; magnetic field rotates with the internal rotation��Explorations �flybys of Pioneer 10 (1973), Pioneer 11 (1974),  and especially Voyager 1 & 2 (1979) took spectacular pictures; Galileo is on the way��Geology�a 20,000 km rocky core surrounded by a 40,000 km deep sea of liquid metallic hydrogen overlaid by the H2 and H compound atmosphere��Observations�a large & beautiful planet in a small telescope w/ distinctive belts and zones, the red spot, and its four Galilean moons; in the infrared the planet gives off 1.7 times as much heat as it absorbs from the sun; -2.7 Mag. at opposition; Albedo is 51%��Moons & Rings�16 moons; a faint ring system 6000 km wide & 30 km thick discovered by Voyager 1���The Moons of Jupiter:



16 satellites:  



The first four to be discovered were Io, Europa, Ganymede & Callisto.  They are called Galilean satellites in honor of their discoverer Galileo.  The first 4 are visible in binoculars - two are larger than our moon & one, Ganymede, has a diameter of 5,280 km, slightly larger than Mercury's 4,880 km diameter.  Io, the innermost Galilean moon is as far from Jupiter as our moon is from earth.  It revolves around Jupiter 11 days, 18 hrs., instead of our moon's 27.3 days.  This higher orbital speed of Io is a direct result of the greater mass of Jupiter.  Also the massive gravity of the planet on Io causes extreme tidal heating making it the most volcanically active body in the solar system.  



The fifth discovered in 1892, the 12th discovered in 1951 by Seth B. Nicholsen at Mt. Wilson observatory the 13th discovered in 1974.  Voyager found the rest.  Inside the orbit of Io is a small satellite, discovered by E.E. Barnard in 1892.  The inner three moons revolve in a plane inclined 25-30° to Jupiter's equator & their motion is direct.  4 of the outer moons revolve in retrograde motion & may be captured asteroids.



The Great Red Spot is a huge cyclonic storm which has gas velocities of approx. 200mi./hr. & the storm itself is larger than earth.  One cloud band is moving retrograde at approx. 200,141/hr.

�SATURN



�PRIVATE ��Distance & Size�9.5 A.U. (1,427,000,000 km); equatorial diameter 120,660 km or 9.4x earth's diameter��Mass; Density�95x earth or 5.69 x 1029g; 0.7 g/cm3, it is the least dense planet & lighter than water��Rotation, Revolution & Axis Inclin. �equatorial 10h 13m 59s, internal 10h 39m 25s; oblate shape; sidereal revolution 29.5 years; 26.7° (also ring inclination)��Inclination & Eccentricity�2.5° (orbital); 26.7° (axis); 0.0560��Atmosphere & Climate�similar to Jupiter: 97% hydrogen H2 3% He, 0.2% methane CH4, 0.03% ammonia NH3, and other trace compounds of hydrogen; -188° C (95 K) at the cloudtops; subtle dark belts and light zones of clouds with fewer and less distinctive features than Jupiter on account of lower temperatures; wind speeds of 500 m/s at equator��Magnetic Properties�like Jupiter except weaker (40% as strong as earths's); axis of planetary rotation & magnetic poles within 1° ��Explorations �flybys by Pioneer 11 (1979) and Voyager 1 & 2 (1980)��Geology�essentially like Jupiter, but with (perhaps) a larger rocky core, and not as deep of a layer of metallic liquid hydrogen��Observations�the most spectacular of all the planets in a telescope on account of the rings; in infrared it emits 2.5x the energy it receives; +0.7 Mag. at opposition; Albedo is 61%��Moons & Rings�17 major moons with numerous smaller ones; its largest moon is Titan which is larger than Mercury and has a dense atmosphere as thick as earth's which consists of mostly nitrogen N2 and some methane CH4; prominent ring system of at least 1000 rings composed of particles ranging in size from 1cm to 5m; the rings begin only 7,000 km above the cloudtops & have a width of 74,000 km���URANUS



�PRIVATE ��Distance & Size�19.2 A.U. (2,870,000,000 km); equatorial diameter 50,800 km or 4x earth's diameter��Mass; Density�14.5x earth or 8.66 x 1028g; 1.3 g/cm3��Rotation & Revolution�17.9 hours to a sidereal day (rotates retrograde like a barrel rolling on its side); sidereal year is 84.01 years��Inclination & Eccentricity�0.77° (orbital); 97.9° (axis); 0.0461��Atmosphere & Climate�composition 83% H2, 15% He and 2% methane CH4 but with none of the obvious belts and zones found on Jupiter and Saturn; the blue-green color is apparently from the methane CH4; -226° C (57 K) at the cloudtops��Magnetic Properties�has a strong magnetic field which is tilted 58.6° from the rotational axis, and is significantly offset from the center of the planet��Explorations �only the flyby of Voyager 2 (1986)��Geology�small rocky core covered by a deep layer of ices and He & H compound gasses above; no sea of liquid metallic hydrogen such as Jupiter and Saturn ��Observations�Discovered March 13, 1781 by William Herschel; because it is so distant no surface detail can be seen from earth, but even Voyager photos showed this as a featureless blue-green sphere;  +5.5 Mag. at opposition; Albedo is 35%��Moons & Rings�5 moons (from closest to farthest: Miranda, Ariel, Umbriel, Titania, and Oberon) prior to Voyager 2 finding 10 more for a total of 15 moons; thin faint very dark rings ���NEPTUNE



�PRIVATE ��Distance & Size�30.0 A.U. (4,497,000,000 km); till 1999 it will be the most distant planet from the sun; equatorial diameter 48,848 km or 3.8x earth's diameter��Mass; Density�17.1x earth or 1.02 x 1029g; 1.6 g/cm3��Rotation & Revolution�sidereal rotation is 19.2 hours;

it takes 164.8 years to orbit the sun��Inclination & Eccentricity�1.7° (orbital); 29.6° (axis); 0.0097��Atmosphere & Climate�more active than Uranus with its Great Dark Spot which is a cyclonic storm much like the Great Red Spot on Jupiter; clouds rotate around the planet more slowly than the core rotates unlike Jupiter, Saturn & Uranus where the winds are faster; -226° C (57 K) at the cloudtops��Magnetic Properties�magnetic field like Jupiter and Saturn, but not as strong (24% as strong as earths's)��Explorations �Voyager 2 visited it in 1989��Geology�rocky core covered by liquid metallic hydrogen (unlike Uranus) and He & H compound gas atmosphere��Observations�discovered in 1846 after it position was predicted based on pertibations in Uranus' orbit; it looks like a small blue-green dot in even the largest telescope -- just like Uranus but smaller; +7.8 Mag. at opposition; Albedo is 35%��Moons & Rings�Triton & Nereid were its only known moons till Voyager 2 brought the total to 8 moons; Triton is 2,400 km in diameter with a surface of frozed methane CH4 and nitrogen N2 at a temperature of 37 K (the coldest know object in the solar system), and has a circular retrograde revolution indicating that it was gravitationally captured; thin ring system���PLUTO



�PRIVATE ��Distance & Size�39.5 A.U. (5,913,000,000 km), but its highly elliptical orbit takes it within Neptune's orbit (30 A.U.) and as far out as 49 A.U.; the smallest planet, only 2,300 km diameter or 18% of earth's diameter��Mass; Density�0.0022x earth or 1.29 x 1025g; 2.03 g/cm3��Rotation & Revolution�6.4 days - it rotates at the same speed its moon revolves; 248.5 years to orbit the sun��Inclination & Eccentricity�17.2° - it moves farther from the ecliptic than any other planet; 0.2482��Atmosphere & Climate�surface temperature of perhaps 40 K to 61 K; occultation evidence suggests a very thin atmosphere, perhaps methane��Magnetic Properties�unknown��Explorations �none��Geology�highly reflective methane (CH4) frost has been found on the surface��Observations�discovered by amateur astronomer Clyde Tombaugh on February 18, 1930; it looks like a dim 14th magnitude star with no discernable disk; +15.1 Mag. at opposition; Albedo is 4%��Moons & Rings�Charon discovered in 1978 is 1200 km in diameter and orbits only 19,640 km from the planet around the barycenter; really a double planet system rather than planet and moon; no rings���Asteroids, Comets, Meteors and Dust:



Asteroids are usually called 'minor planets' by astronomers.  The largest is 1 Ceres (discovered in 1801) with a diameter of 960 km (one third the moon's size), with sizes ranging down to km size.  

About 5,000 have been discovered, and more are being discovered at a rate of 100 to 200 per year.  Average distance from the sun is 2.8 A.U. or about halfway between Mars and Jupiter.  Larger ones are moonlike (spherical and cratered), but smaller ones are irregular shaped.  



Asteroids are left over planetesimal.  They are believed to be composed of rocky material much like terrestrial planets.  There are gaps in space where there are few or no asteroids - Kirkwood gaps - created by the gravitational pull of Jupiter. (See Figure 10-3)  In the torus (called the main belt) they have orbital eccentricities of between about .05 and .20, but earth-crossing asteroids have highly eccentric orbits.  



Comets are objects with highly elliptical orbits with eccentricities approaching 1.  Their perihelion is within the orbit of the earth, and the aphelion is generally in the outer solar system or beyond.  Orbital periods can range from a few years to thousands of years or more.  



At the center of the comet is the nucleus which, in the case of Halley's Comet according to satellite images, is sort of a potato shaped object about 16 km long and 8 km across.  The nucleus is described as an "icy conglomerate."  As it approaches the sun heat vaporizes the ices first of CO2 and then H2O.  These gas jets carry off dust which produces the coma seen from an earth based telescopes.  The coma can be 100,000 to 1,000,000 km in diameter.  An envelope of hydrogen (not visible to the eye) measuring 20 million km in diameter surrounds the nucleus.  The white dust tail streams back opposite the forward motion of the comet, and the bluish ion tail (which glows from ions of carbon monoxide CO+ at the 4200Å wavelength) points away from the sun carried by the magnetic solar wind.



Comets appear as fuzzy blobs in the night sky, sometimes with their distinctive tails streaming away from the sun.  The ion tails are generally much more easily seen than dust tails.  Comets are usually visible over the course of many months.  Even over the course of an evening they can be seen to move among the background of stars.  Binoculars are useful in observing bright comets, and extremely bright ones can be seen naked-eye, and can be quite spectacular.

�

Meteors are small chunks of rock ranging in size down to specks of dust which glow from friction as they enter the earth's atmosphere.  Most that you see as "shooting stars" are the size of a grain of sand or smaller.  Meteor showers are caused by the earth passing through dust clouds left by comets.



Meteor showers result from a particular comet's debris which encounters the earth's orbit at the same time each year.  When observing a meteor shower we refer to the zenithal hourly rate (HR) which is the number of meteors which we'd see if the radiant were on the zenith under ideal observing conditions where we can see 6.5 magnitude stars with the naked-eye.  The formula for determining the HR based on observational data is as follows:

	�EMBED Equation.2���

�seq Equation  \* Arabic�22�

where HR is the hourly number of meteors observed by a single observer, r is the population index of the particular shower (in the case of the Perseids 2.5, and generally between 2.0 and 3.4 for most showers; formally defined as the ratio of the # of meteors of magnitude M+1 to the # of meteors of magnitude M), LM is the limiting magnitude for the dimmest stars for the part of the sky being observed, and A is the angular altitude of the radiant at the time of the observation. 



There are about 26 meteor showers which each occur at the same time each year.  They have ZHRs of between 3 to 100 depending on the shower.



Dust is prevalent in the inner solar system.  It is a remnant of the formation of the solar system.  It can be seen as zodiacal light under very favorable conditions when the ecliptic is steeply inclined (close to perpendicular) to the horizon. 

�The stars: SUN  The sun is a typical star: What is a star?



A star is a sphere of matter in the form of plasma which for a time generates energy through nuclear fusion.



�PRIVATE ��Size, Distance, Mass & Density�diameter of 1,393,000 km (864,000 miles) or 109x the earth's diameter; it is 150 million km from earth or 108x solar diameters from us; its mass is over 300,000x that of earth, or 2 x 1033 grams; density is 1.4 g/cm3��Composition�solar atmosphere is 74% H, 25% He, 1% other elements��Rotation�differential rotation:  25.38d sidereal and 27.275d synodic at equator, but about 35d at the poles��Cycles�sunspots wax and wane on an 11 year cycle from one maximum to the next, which is half of the 22 year cycle of polarity change of the spots��Atmosphere: the part of the sun we can see�photosphere is the opaque surface 300 to 400 km deep with a temperature of 5,800 K; chromosphere extends 2,000 km above the top of the photosphere with spicules jutting up to 7,000 km above the photosphere, has a pinkish color from the Ha Balmer lines, and can be seen during an eclipse, and also with instruments which show only Ha light; corona is above the chromosphere and extends millions of km from the sun and tapers off into the solar wind, very hot from 1 - 2 million K.��Magnetic Properties�general magnetic field of 1 Gauss (The earth has a general magnetic field of .7 Gauss)��Surface Actions�sunspots, faculae, flares, prominences��Interior�dense core of 0.25 radius where fusion takes place at temperatures of 15 million K, radiative zone out to 0.8 radius, convective zone above that to lower part of photosphere��Classification�class G2 star of absolute magnitude 4.8; a Population I star��Energy Source�98% from proton-proton cycle; 2% from CNO fusion cycle; 600 million tons of H are converted into He each second���The Sun has a magnetic field because it is a rotating sphere of hydrogen and helium plasma.  Magnetic flux is the magnetic flow that exists in any magnetic circuit.  The CGS (Centimeter-Gram-Second) is the measurement called the "Maxwell".  Magnetic flux density is the ratio of the flux in any cross section to the area of that cross section, the cross section being taken normal to the direction of flux. 1 Maxwell/sq centimeter=1 Gauss. Sun-spots have magnetic fields of 100 to 4,000 Gauss.  



About 60-80% of the Sun by weight is hydrogen and 96-99% is hydrogen & helium.  The remaining few % is heavier elements.



Energy from the sun comes from nuclear "burning" at temperatures of 8 million K or more, mostly the conversion of hydrogen into helium in the proton-proton cycle as follows:



1H + 1H ® 2H + e+ + neutrino

1H + 2H ® 3He + gamma ray photon

3He + 3He ® 4He + 1H + 1H



The helium atom produced has a slightly lower mass than the 4 hydrogen atoms from which it was made (0.7% less mass).  This lost mass is energy in accordance with Einstein's formula of mass and energy equivalence:  E=mc2.



A little of the suns's energy comes from the CNO cycle requiring temperatures of 20 million K as follows:



12C + 1H ® 13N + gamma ray photon

     13N ® 13C + e+ + neutrino

13C + 1H ® 14N + gamma ray photon

14N + 1H ® 15O + gamma ray photon

     15O ® 15N + e+ + neutrino

15N + 1H ® 12C + 4He



There is enough H left so that the Sun can last, in its present state, another 5 billion years & it has been doing this conversion for the past 5 billion.  The quantity of energy represented by the Sun is determined by the solar constant which is the amount of energy received at the outer atmosphere of the earth.  By knowing the distance to the Sun & measuring this quantity, the total energy emitted is 4 x 1033 erg/s or 4 x 1026 watts.  1 second of energy from the Sun is equivalent to Niagara Mohawk at full capacity for 3 billion years.  



At high enough temperatures (about 100 million K) He will fuse into carbon in the triple-alpha reaction as follows:



3 4He ® 12C + gamma ray photon

�Observing the sun:



The color of the sun as seen through the telescope is not important; it is an artifact of the particular kind of filter being used.  Mylar filters tend to show a light bluish sun, glass filters such as the Thousand Oaks filters used by NASA tend to show an orange sun, and #14 welder's glass (do not use conventional #10 welder's glass) usually gives greenish images.  Each kind of filter allows a different wavelengths of light to pass to your eye showing a different color.  The actual color of the unfiltered sun is pure white, because the sun emits light all across the visible spectrum.  At sunset it appears more orange or reddish only because particles in the atmosphere absorb the shorter bluish wavelengths of light.



What you see when you look at the sun is the photosphere, i.e., the surface of the sun.  The edge of the sun's image is called the limb.  The image quivers at the limb due to seeing.



The most conspicuous solar features are sunspots.  They look like black or dark blemishes on the bright photosphere.  Larger sunspots generally have a darker center or umbra, with a lighter penumbra around the edge.  The penumbra will frequently show a great deal of structure, and cover much more surface area than its umbra.  Sometimes penumbra will look like rays which seem to emanate from the umbra.  Sometimes they will be grey areas which appear to connect several umbrae.  



The difference in brightness between the photosphere, the umbra, and the penumbra is a function of temperature.  The photosphere has a temperature of 5,800 K, while the darkest areas of the umbra have a temperature of 4,500 K.  The penumbra is generally a few hundred degrees cooler than the photosphere.  Sunspots only appear to be dark; actually they are brilliant, but the even more brilliant photosphere gives them their dark appearance by way of contrast.  Sunspots are actually depressions in the photosphere where the observer is looking slightly deeper into the photosphere (where it is slightly cooler) than in the surrounding areas.



Sunspots frequently appear in pairs.  Sunspots are magnetic disturbances on the surface of the sun.  Like all magnets, they have north and south poles, hence they are seen paired.



The sun turns on its axis from east to west once every 27.275 days as viewed from earth, but polar rotation is slower.  This differential rotation winds-up the magnetic fields into ropes which are responsible for sunspots, solar flares and prominences. These phenomena produce short-wave radio interruptions and auroras on earth.



Sunspots move with the sun's rotation.  They are seen near (but not quite on) the sun's equator, and never at its poles.  They are not permanent features, lasting from a few days to several weeks, with larger sunspots lasting long enough so that they can be seen disappearing at the west limb and then coming around into view at the east limb about 14 days later.



Sunspots have been counted for several centuries.  Today we count sunspots using a rather interesting way of counting developed by Rudolf Wolf of the Zurich Observatory.  The count is computed as a Wolf number R as follows:  R = k(10g + f) where g is the number of observed sunspot groups, f is the total number of sunspots, and k is a factor depending on the instrument and observer.



The sun looks darker around the limb than in the center.  This is called limb darkening.  To look at the center is to look deep into the sun, seeing the hotter part with greater brightness.



The limb is the best place to search for faculae.  These are bright curved streaks which are often seen around sunspots.  When seen at the east limb they frequently signal sunspots coming in the next day or two, and after sunspots disappear at the west limb they will linger after them.  They are hot clouds in the upper parts of the chromosphere. 



Solar telescopes have tilted-rotating mirrors called coelestats in front of their objective lenses that cause the Sun to appear to stand still.  The plane mirror rotates at 7.5°/hr. & reflects the light of the sun onto a stationary lenses.

�In the early 1890s, George Hale & Henri Alexander Descartes independently developed the spectroheliogram, an extension of the spectrograph.  This is done by permitting the telescope image of the Sun to fall on the slit of the spectrograph.  A spectrum is formed, but, instead of a photograph blend taken, another slit is placed in front of the spectral light.  This slit is adjusted so that a particular dark line, such as hydrogen or calcium falls on the 2nd slit.  The two slits are than moved at the same rate so that the 1st scans the solar image & the 2nd moves with respect to the photographic film or plate behind it, but keeps in perfect step with the moving image of the dark line.  In effect then, the picture produced on the film or plate is a scanned image of the solar disk taken in the light of the dark line.  The resulting photograph is a picture of the Sun at a particular level & in the light of a particular element.  



The photosphere exhibits considerable granulations.  The granules in the Sun's surface are about 500 km across & are near the limit resolution of earth bound telescopes.  The opacity of the photosphere is produced by negative hydrogen atoms H- (atoms that have acquired an extra electron) in the plasma - a thin layer transparent to most, but not all solar radiation.  The dark lines of the solar spectrum are produced in this layer. At this level, atoms & a few molecules extract discreet wavelengths from the continuous spectrum background of the photosphere below, causing dark lines in the spectrum.  It is from these lines that we learn much about the make-up & elements in the photosphere.



Solar prominances-viewed during at total solar eclipse or by the use of a spectroheliograph.  Some prominances have achieved a velocity of 450mi./sec. & have erupted above the Sun's surface as high as a million miles.  They seem to follow magnetic lines of force & sometimes fall into the region of sun-spots.



Solar Flares occur near sunspots.  They are bright flashes of energy emission.  There is a high incidence of ultraviolet radiation at the time of flares.



Solar wind-charged particles streaming out from the Sun in all directions.

�Stars



The names of the stars



While there are numerous ways to catalogue and name stars, the brightest stars are generally identified by one or more of the following name or catalogue designations: 



Proper Names  Many of the brighter stars have proper names which come down to us from ancient times, most of which are Arabic in derivation:  Sirius, Betelgeuse, Algol and Rigel.



Bayer designations  In 1603 a star atlas was published by the Bavarian lawyer Johann Bayer who designated stars in each constellation from brightest to dimmest using the small case Greek alphabet beginning with a for the brightest, ß for the second brightest, etc. down through the alphabet, followed by the genitive Latin name of the constellation:  a Canis Majoris, ß Orionis.



Flamsteed Numbers  When the French astronomer de Lalande published the third edition of John Flamsteed's star atlas in the 1780s, he preceded the genitive Latin names of the stars in each constellation with an Arabic number beginning with 1, 2, 3, etc., ascending in order increasing with right ascension for each constellation:  61 Cygni, 3 Lyrae, 78 Geminorum.



Many stars may have a proper name, a Bayer designation, and a Flamsteed number, just to make matters more confusing.

�Properties of the Stars which can be measured or computed



Ø	apparent magnitude:  traditionally (dating back to Ptolemy) stars were rated as having six magnitudes of brightness, the brightest being 1st magnitude and the dimmest naked eye stars being 6th magnitude; in the age of electronic measurement of magnitude this is measured with a photometer; the scale has been formalized into a difference of 5Ö100 or 2.512 orders of brightness between each magnitude, hence a 1st magnitude star is 100 times brighter than a 6th magnitude star; magnitude can be measured at any wavelength, or at all wavelengths combined (known as Bolometric magnitude)



Apparent Magnitude:

Sun					-26

Full Moon				-12

Venus at brightest		-4

Jupiter and/or Mars		-2

Sirius				-1.4

Arcturus, Vega, Capella	 0.0

Regulus				+1.4

Naked Eye Limit		+6.5

Blackened tube			+8.6

50mm binoculars		+9

6"telescope			+13

200"  "				+20

 "    " (Photo.)		+23.5

faintest object photo	+28



Ø	variability:  many stars have changes in the amount of energy which they emit;  these relative changes are easily measured with a photometer attached to the telescope 



Ø	absolute magnitude (luminosity):  to compute this we need to know the apparent magnitude and the distance to the star. If we know the apparent magnitude of the star, we can then use the inverse square law of radiation to calculate its absolute magnitude. The apparent magnitude which a star would have at a distance of 10pc (32.6 ly) is defined as its absolute magnitude.



Ø	parallax:  stars which are fairly close to earth (within 65 ly) seem to hop back and forth on a one year cycle when viewed against distant background stars; first observed by Fredrich Bessel in 1830; the closest star to us is Proxima Centauri, also known as a Centauri C - with a measured parallax of 0.750 arc seconds, which in linear distance amounts to 4.2 ly; the parsec is the distance required to show a parallax of 1 arc second using 1 A.U. as a base leg; one parsec equals 3.26 ly or about 200,000 A.U. or 19 trillion miles.



Ø	motion:  stellar motions are divided into two categories, and are measured differently.  The proper motion will give us the transverse velocity of a star.   It is the rate at which the star changes position in the sky over a given period.  It is measured in arc seconds per year, and can only be measured for nearby stars.  Barnard's star has the largest measurable proper motion of 10.25 arc seconds per year.  Radial velocity of a star (the line of sight velocity) is the speed at which an object is approaching or receding from the observer, and is measured by doppler shift.  If we know the actual distance of the  star, we can compute the actual motion and direction of the star in km per second from these two motions.



Ø	mass:  stellar mass can vary from about 0.1 to 100 solar mass; it can be most easily measured using Newton's revision of Kepler's third law, if the star is part of a binary system; it can also be derived from the mass-luminosity relationship for stars not in a binary system, i.e., massive stars are more luminous than less massive stars, with each spectral class of stars having different masses.



Ø	temperature:  Wein's law gives us this if we can get enough data; all we need to know is the dominant wavelength of radiation (wavelength at which the object emits the maximum amount of energy) emitted by the star (a blackbody) which is inversely proportional to its temperature kelvin; spectral class will yield the temperature if there is insufficient data to determine the dominant wavelength



Ø	flux:  the energy output for a given area of its surface is derived from the Stefan-Boltzman law, which states that the total energy produced per second per square unit of surface area of the star is proportional to the 4th power of the absolute temperature.



Ø	size:  stellar diameters vary from 10 km for neutron stars such as in the center of the Crab Nebula to the diameter of Saturn's orbit for hypergiant stars such as Mu Cephei; since a star is a sphere, the surface of a star is A=4pR2, where R is the star's radius; the total luminosity of a star is given by L=4pR2sT4, where s (sigma) is the Steffan-Boltzmann constant, and T is the temperature in kelvins; this equation can be solved for the radius of a star.  



Ø	spectral class:  this tells us what elements are in the surface and atmospheres of the star as well as temperture

�Spectral Types of Stars and the Hertzsprung-Russell Diagram:



A star's color affects the apparent magnitude.  The eye is more sensitive to red, yellow & orange.  Photographic plates are more sensitive to violet & blue (blue hot stars appear brighter in photographs & red stars appear brighter to the eye).  A star's color index or B-V index is the difference between its blue photographic (4400Å denoted B) magnitude & visual (5500Å denoted V) magnitude. It is arbitrarily set at zero for Ao stars.  It is a numerical measure of the star's color.  



Two characteristics of stars (1) spectral class / B-V index / temperature kelvin & (2) absolute magnitude / luminosity can be plotted against each other on a graph (x and y axis respectively) to obtain a Hertzsprung-Russell (H-R) diagram.  In addition, there are some stars which have peculiar features.  These are sometimes classified (in addition to the standard OBAFGKM) as R-N-S.  The digits following letter classification indicate sub-division.  Hottest F stars are F0; coolest F stars are F9.  A lower case e indicates the presence of bright emission lines.  



Oh be a fine girl, kiss me.



10 Lacerte CLASS O -blue giants 30,000°K & hotter; lines of ionized He, & other highly ionized elements, but H lines are weak; 



	Wolf-Rayet class W stars similar to O stars, but show bright emission lines.  These are stars massive stars which are stripped of hydrogen from the surface, hence we see the core consisting of heavier elements.  Wolf-Rayet stars are among the brightest known with surface temperatures  of 50,000 K & hotter & broad emission lines in their spectra indicate very fast rotational velocities.



Rigel & Spica CLASS B -Blue giants-11,000 K to 30,000 K; He I and H lines are stronger



Sirius, Vega & Altair CLASS A -bluish-white stars 7,500 K to 11,000 K; dominant H lines and also singly ionized metals such as Mg II, Si II, Fe II, Ca II, are most prominent with some neutral metals.



Canopus & Procyon CLASS F white 6,000 K to 7,500 K; weak H & ionized metals appear; spectra are more complex; neutral iron & chromium present



Sun & Capella CLASS G white-yellow stars 5,000 K to 6,000 K; few molecules present & metals are becoming more prominent



Arcturus & Aldebaran CLASS K yellowish-orange stars 3,500 K to 5,000 K; compounds more prominent & metals surpass hydrogen



Betelguese & Antares CLASS M (carbon stars) red stars 3,500 K;  cooler titanium & vanadium oxide bands, neutral metals, starting carbon and carbon compounds



CLASS S 3,500 K & cooler zirconium & lanthanum oxides prominent



Relative intensities of different absorption lines in stars at various places in the spectral sequence



S-Doraous in the Large Magellanic Cloud 170,000 light years is the most luminous star known with an apparent magnitude +8.3 and absolute magnitude of -10.3

�The Formation, Ageing and Death of an Average Star (the sun):



1)	The sun formed as part of a nebula or molecular gas and dust cloud which was enriched with elements heavier than iron.   The cloud's heavy elements are from prior supernova explosions, and the collapse process may begin due to supernova shock waves jostling the cloud.  The nebula may be as large as 50 light years across.



2)	Under gravitational attraction the cloud coalesces.



3)	Huge dense pockets called Bok globules clumped together and began to heat slightly emitting infrared due to gravitational heating.  They are perhaps the diameter of 100 solar systems.



4)	A protostar is formed as the object emits shorter wavelengths of light.  It may take about 100,000 years to go from globule to a protostar of 2 solar system diameters or about 200 AU.  At this stage it can have a core temperature of 50,000 K or more and a surface temperature of 1,500 K and hence be visible as a "star" above and to the right of the main sequence.

 

5)	When the core temperature of the shrinking protostar reaches 8 million K the hydrogen starts to fuse using the proton-proton cycle, and a star is born.



6)	The star has now arrived at the main sequence at ZAMS (zero age main sequence).  In the case of the sun it became a G2 star of 4.8 absolute magnitude.  The solar wind of the star exerts pressure on the dust and gas surrounding it and blows away the nebula from which it was formed.  The solar size star spends 10 billion years at this stage as it converts H to He.  It is stable because the downward pressure of gravity and outward energy pressure of fusion are at hypostatic equilibrium.



7)	As the H is used up at the core, He begins to accumulate there, but temperatures are too cool for He to burn into heavier elements.  The core collapses due to gravity as the star becomes unstable and enlarges to the red giant stage.  It moves above and to the right off the main sequence.  Surface temperature drops and the star gets brighter due to its larger size.



8)	He core collapse is finally stopped when core temperatures reach 100 million K which causes He to burn into carbon restoring hypostatic equilibrium.  



9)	Heavier elements such as carbon accumulate at the core and undergo gravitational collapse heat the core even hotter, but never hot enough for them to convert into yet heavier elements.  The star becomes unstable and enlarges even more becoming even larger and brighter, but cooler on its surface.



10)	Eventually the supply of H and He runs so low that the star shrinks, but does so erratically producing a planetary nebula as it blows off its surface layers into the interstellar space.  This gas has O III (doubly ionized oxygen) in it which is ionized by the star, which is shrinking, getting hotter and producing much ultraviolet.



11)	Finally all nuclear burning is done and the gravitational

collapse is stopped by electron degeneracy.  We now have a very hot and dense white dwarf which is below and to the left of the main sequence.  It will cool for all eternity.



The Characteristics of the Stellar Population



90% of the sun's life will be spent on the main sequence, except that when it reaches the white dwarf stage at the end of its life, it will remain there forever slowly cooling.



The rate at which a star uses its fuel and how long it lives on the main sequence depends on its mass.  A 3 solar mass star burns its fuel about 120 times as fast & lasts 1/40th as long (about 250 million years) as the sun.  Conversely, a star with 1/2 the mass of the sun burns its fuel about 1/5th as fast & lasts 2.5 times longer than our sun (about 25 billion years).



The most massive stars are the most luminous.  Main sequence stars with absolute magnitude of -6 to -8 & sometimes -10 are millions of times more luminous than our Sun.  These are spectral class "O" & "B" stars in upper left of H-R Diagram.  These are the stars that would be the most conspicuous in space at very great distances.



A star with an absolute magnitude of -5 (10,000 times the Sun's luminosity) can be seen with a telescope to a distance of 1,600 parsecs.  The volume of space, however is 4 million times (for 1,600PC) than of the volume for 10PC.  Therefore, many stars of high luminosity are visible to the naked eye.  The brightest naked-eye stars are not representative of the total stellar population.  Giants and supergiant stars are extremely rare.  The majority of stars are as faint or fainter than the Sun.



Of the 20 brightest stars listed or known, only 6 of them are within 10 parsecs of the sun.  Of the 3,000 stars of apparent magnitude +6 or brighter, only 60 are within 10 parsecs.  Most naked eye stars are tens or even hundreds of parsecs away & are many times more luminous than the Sun.  Stars of high luminosity are extremely rare.  Stars with absolute magnitude of +10 to +15 are very common.  A star with an absolute magnitude of 10+ would have to be within 1.6 parsecs to be visible to the naked eye.

There are fewer than 40 stars within 5pc of Sun (about 16 Lt. Yrs.).

�Where will the stars end?



White Dwarf

Planetary Nebula

Neutron Star (pulsars)

Supernova

Black Hole



White Dwarves



White dwarfs were first discovered as companion stars of 40 Eridani, Sirius & Van Manaans star.  Sirius (a Canis Majoris) and Procyon (a Canis Minoris), both have a white dwarf companions.  Both Sirius & Procyon are visual binaries within 5PC of the Sun.  

40 Eridani is a typical white dwarf star with abs. mag. +10.7 and a surface temperature of 12,000 K.  It has 2.1 times the sun's surface temperature, but 1/200 of its luminosity.  Its surface area is 1/3,900 of the sun's, which gives it a radius of 0.016 and a volume of 4.1 x 10-6 that of the sun.  Its mass, however is 0.43 times that of the Sun.  Its density is 200,000 times the density of water.  



Because of their high high mass and small size white dwarves have an extremely strong gravitational field.  According to general relativity, light waves leaving a white dwarf show a slight shift to longer (red) wavelength.  This is known as gravitational red shift as opposed to spectroscopic (Doppler) red shift.  



The mass of all white dwarves range from .1 to 1.4 solar masses, & their corresponding diameters are from 4 times to less than half the earth's diameter.  The densities range from 50,000 to 1,000,000 times the density of water.  At such densities, matter cannot exist in its usual state.  The electrons are squeezed into cells 10,000 times smaller than usual and move wildly bumping against their neighbor electrons in their cells.  



The matter in white dwarves in this state is supported from further collapse by electron degeneracy pressure, rather than the thermal gas pressure which supports other gasses.  Even if cooled to absolute zero, the electrons would continue to vibrate in their small cells so as to stop further collapse.  



All nuclear fusion has ceased in white dwarves.  Their only source of thermal energy is gravitational heating due to collapse, hence they are always cooling, because they have no new sources of energy.

�Planetary Nebula are extremely hot stars which eject large shells of gas from their outer surface layers.  A planetary nebula is the end product of a red giant which leaves a star with a mass of up to 1.4 solar masses.  The central star becomes a white dwarf & because of its hot surface (12,000 K) emits ultraviolet which causes the expanding shell of gas to ionize and hence fluoresce.  There are about 400 known planetary nebula.  A typical planetary nebula appears to have a diameter of about 1/2 to 1 light years.  Planetary nebula are short lived.  We assume that thousands of stars go through this short lived stage (50,000 to 100,000 years).



Neutron Star: if a star which is no longer burning fuel is left with a mass above the Chandraskhar limit of 1.4 solar masses and up to about 3 solar masses (but not so massive as to produce a black hole), it will be a neutron star and not a white dwarf.  One tablespoon of it weights 40 billion tons.  It is like a giant atomic nucleus.  Further collapse is prevented by nucleon degeneracy pressure.  All of its mass is packed into only a 10 to 20 km diameter sphere.



Pulsars are rotating neutron stars with high magnetic fields & rotate rapidly at speeds of 1/30 sec. or faster.  Some of the most powerful gamma ray sources in the sky are pulsars. 



Supernova



The most spectacular of cataclysms since the Big Bang.  At maximum light, supernova reach absolute magnitude of -14 to -20.  The three most famous supernova observed (all in our galaxy) were:



R	"Guest star" in Taurus on July 4, 1054 observed & recorded by the Chinese imperial court astronomer Yang Wei-T'e.  It could be seen in the daytime brighter than the planet Venus during July, but disappeared within a year.  Today we see the Crab Nebula (M1) with it's neutron star pulsar were it was seen, 6.5 kly away.



R	Tycho's star seen on November 11, 1572 in Cassiopeia was nearly as bright as the planet Venus.  It lasted for 18 months, and at its brightest, it could be seen in the daytime by sharp-eyed observers.



R	Supernova of October of 1604 in Serpens (Ophiuchus), described by both Kepler & Galileo.



Supernova are now regularly observed in other galaxies.  In a typical galaxy, supernova appear to occur at the rate of 1 every 50 or so years.  Material is ejected at speeds of up to 5,000 to 20,000 km/sec.  They are strong X-ray & radio sources.  Electrons are spiralling in a strong magnetic field at nearly the velocity of light (synchrotron radiation).  There have been 14 supernova observed in our galaxy in the past 2,000 years which gives us an average of one supernova every 140 years.  Many are not seen due to dust in our galaxy.  We are overdue!



The most recent and spectacular of supernovae in modern times was SN 1987A in the Large Magallanic Cloud discovered by the Canadian astronomer Ian Shelton on February 23, 1987.  It shone at +2.9 appaarent magnitude at maximum from a distance of 170,000 light years.  At 0.1 sec after its core collapse when it was at maximum, it had a luminosity of 1054 erg/sec, as compared to 1052 erg/sec for all of the rest of the observable universe combined!  This was a Type II supernova which exploded with an expansion rate of 17,000 km/sec.



There are two kinds of supernova:  



R	Type I  These supernova have almost no hydrogen lines in their spectra, and their light curves drop off more quickly than Type II.  Type I is broken down into Ia, Ib and Ic based on particular features of the spectra and light curves.  It is generally assumed that most Type I SN result from material falling onto a white dwarf from a companion causing carbon burning and a massive explosion of -19 absolute magnitude at maximum luminosity throwing off about 0.5 solar mass of material.



R	Type II  These have strong hydrogen lines due to H in the outer layers of a dying giant or supergiant.  It is usually 2 magnitudes dimmer than a Type I, but lasts longer.  It is thought to be caused by the destruction of large giant star as the iron core collapses and then blows the star apart throwing off up to 5 solar mass of material.  

�Black Holes



As far back as 1783 the British natural philosopher John Mitchell (Rector of Thornhill in Yorkshire) predicted that "dark stars" could exist if a star were as massive as the sun but having a very small radius.  He knew the speed of light and used Newton's formula for escape velocity to compute the size of such a dark star.  But as the wave theory of light displaced the particle theory of light, his work was forgotten, because it was assumed that light waves had no mass, and hence were not affected by gravity.  When general relativity changed all of this, "black holes" were again a theoretical possibility.



If at the end of its life a star is scrunched down to a radius such that the escape velocity is greater than the speed of light, it will be too massive even for a neutron star.  It will under the force of gravity collapse into a singularity.  The event horizon is a certain distance from the singularity known as the Schwarzschild radius.

 

A typical one is apparently Cygnus X-1 which is about 8,300 light years away.  It cannot be seen, but is assumed to exist because of a 5.6 day periodic red and blue shift of a 9th apparent magnitude O9 blue supergiant known as HDE 226868. Apparently an unseen companion is orbiting every 5.6 days around HDE 226868.  Its companion's mass is estimated to be 10 to 16 solar mass; much too massive for it to be a neutron star.  The object emits x-rays at 100 keV which means temperatures of 1 billion K varying over periods of tens of milliseconds, hence the object must be extremely small.  The x-rays are apparently caused by gas being sucked into the black hole from an accretion disk drawn from the blue supergiant companion which exceeds its Roche limit.

�Binary (or Double) Stars



In 1650, Jean Baptist Riccioli discovered that the star Mizar in Ursa Major was really two stars as observed through a telescope.  About 50% of all stars are binaries; that is two or more gravitationally bound together.  William Herschell in 1782 & 83 published a catalog listing more than 800 double or binary stars.  One of the more famous doubles is Castor (of Castor & Pollux) the Gemini twins.  They are separated by 5 sec of arc & he observed for several years show motion about their barycenter.  E.C. Pickering of the Harvard Observatory in 1889 discovered that Mizar (of Alcor & Mizar in Ursa Minor) was a spectroscopic double.  The dual spectral lines are the only way it will show to be a double. 



ô	Optical Binary -Two stars which seem close from our line of sight, but not related by gravitational attraction at all.



ô	Visual Binary -A gravitationally associated pair of stars observable through a telescopic.



ô	Astrometric Binary -To faint to observe both, but by checking the wavy motion in space of one, the determination can be made of another unseen but related companion causing the back and forth motion of the first star.



ô	Spectroscopic Binary -If the spectral lines of both stars are visible, although unable to optically separate the pair-this is a spectroscopic double. 



ô	Eclipsing Binary -If the orbit of a binary system is turning nearly edge on to our line of sight the stars eclipse each other.  Light curves can be developed for eclipsing binaries & orbits determined.

�Novas: Eruptive Variables in Double Stars



In a double star system where one of the stars is a white dwarf, there can be a transfer of mass from the massive star to the white dwarf.  The massive star enlarges toward the end of its life so as to exceed its Roche limit, hence it spills its atmosphere out to form an accretion disk which is the source of the dwarf's new hydrogen.  After a build-up of hydrogen on the surface of the white dwarf it becomes unstable and goes nova.  This can happen periodically.  At the time of a nova outburst, the outer layers of the dwarf star are ejected in the form of a shell of gas.  Velocities of the expanding gas reach up to 1,000 mi./sec.  A typical nova shell is found to have 10-5 to 10-4 times the solar mass.  The star, therefore ejects only a small part of its mass.  Some months after the outburst, the expanding envelope may become visible on photographs, or telescopically.  Some novas are reoccurring.



Variable Stars



A variable star is studied by analyzing its spectrum & by measuring the variation of light with lapse of time.  Some variables show light variation which is apparent to the naked eye.



«	Pulsating Variables Stars that periodically expand & contract in size which causes a variation in light output.  Types include:  RR Lyrae variables which pulsate 1 to 2 magnitudes over periods of 0.05 to 1.2 days,  Cepheids (type I & II) which pulsate 0.1 to 2 magnitudes over periods of 1 to 70 days, long period variables such as Mira Ceti variables which pulsate 2.5 to 5 magnitudes over periods of 80 to 1000 days, also there are semiregular and irregular variables.



«	Eruptive Variables Stars that show sudden, usually un-predictable outbursts of light or in some cases, diminutions of light: Novae, supernovae and others.



«	Eclipsing Variables Binary stars whose orbits of mutual revolution lie nearly edge-on to our line of sight & which periodically eclipse each other.  These are not true variable stars, but as seen from earth, they appear to be.



Flare Stars-(Uv Centi) M3 to M6 spectral class which flare up suddenly to 6 or 7 magnitudes above normal.  Their rise is rapid-a few seconds & decline lasts for a few minutes to 1 hr.  They behave like miniature nova & from a study of their emission lines in the outburst appear to be stars which are sending out spectacular flares of the same type that we observe on the Sun.



X-ray Stars are electromagnetic radiation of wavelengths in the range of .1 to 100Å.  About 30 X-Ray sources are known, among them the Crab Nebula, Scorpius X-1, Cygni X-1.

  

H I Regions:   Regions of neutral hydrogen

H II Regions:  Regions of ionized hydrogen



Space Velocity of Stars in the Sun's Vicinity



Average 5-20mi./sec.

Space velocities of nearby stars are in part a reflection of our Sun's motion.  William Herschell, using an analysis of proper motion of 13 stars, arrived at the conclusion that the Sun was moving in the general direction of Vega.  The solar arex is the point toward which the Sun appears to be moving; actually in the constellation Hercules.



The energy emitted per unit area of a star, multiplied by its entire surface area gives the star's total energy output.  



Using the Stefan-Boltzmann Law-stellar radii can be determined.  R2=L/T4



In 1920, Michelson & Pease mounted a interferometer with a 20Ft. beam on the front of the 100" Mt. Wilson telescope.  With this apparatus they were able to measure the angular size of seven known giant stars that were large enough & near enough, although, optically, you could not resolve their dia., it could be done with the stellar interferometer 



In some hot stars, sufficient energy is available at the surface to form a detectable atmosphere extending several stellar diameters outward into space.



Shell star -- a star surrounded by a shell of gas whose spectrum shows narrow-dark lines-lines not broadened by rotation.  

�Clusters of Stars



*	open or galactic clusters are the result of condencing nebulae of gas; they are new Population I stars; these clusters contain from a couple of dozen to several thousands of stars; they have an irregular, almost random shape



*	globular clusters are spherical configurations of old Population II stars; they are above and below the plane of the galaxy; no new stars being formed and an absence of gas; they can contain up to a million stars



Ways to Measure the Distances to the Stars



1)	Parallax using photographic plates and measuring the sift of a foreground star against non-shifting background stars, then applying trigonometric calculations to calculate distance.  It only works for nearby stars closer than about 20pc or 65ly, but if the parallax shifts can be measured accurately it has less margin of error than any other method of distance measurement.



2)	The distance to Nova Cygni 1992 was recently measured with great accuracy at 10,430 ly when the Hubble Space Telescope measured the size of the shell of ejected material from the nova to be 0.26 arc seconds across.  By knowing the amount of time from the nova explosion to the time of measurement, and the speed of expansion of the shell derived from doppler shift, and the measurement of angular diameter of the shell, the actual diameter of the shell can be computed.  Then simple trigonometry will give us the distance.  



3)	Cepheid variables are very bright stars which can be seen from vast distances.  Their pulsation rates vary in proportion to their absolute magnitudes.  This was discovered in 1912 by Henrietta Levitt.  Hence if we can measure their periods, we know their absolute magnitude.  Then it is easy to apply the inverse square law to calculate the distance.  At their brightest they can reach absolute magnitudes of -6 and can be seen to a distance of about 20 Mly.



4)	The maximum luminosity of bright objects.  The brightest red supergiants are -8 absolute magnitude and can be seen from 50 Mly out.  O and B giant stars can have an absolute magnitude of -9 and can be seen from 80 Mly.  The brightest globular clusters are at absolute magnitude -10 and can be seen out to 130 Mly.  A bright Type II supernova at absolute magnitude -19 can be seen from 8 Bly.  The brightest galaxy in a cluster of galaxies can be seen from great distances.  Since individual objects can be seen out to these maximum distances depending on the object, the inverse square law will give us these distances.



5)	The Tully-Fischer relation is an excellent distance indicator for spiral galaxies.  Basicly the hydrogen 21 cm line from a galaxy is both red and blue shifted as the hydrogen cloud spins around the galatic center.  This broadens the 21 cm line.  The faster the galaxy is spinning, the broader the line.  Once we know its spin rate, Kepler's third law as improved by Newton can give us the mass of the galaxy.  Knowing the mass, we know how many stars are in the galaxy, and consequently how bright the galaxy is.  The inverse square law will then give us the distance.



6)	The cosmological redshift of distant objects (assuming we know the Hubble constant for the expansion of the universe: H0 » 50 to 100 km/s per Megaparsec).  Using this method, one can measure the distance to any object, so long as you can measure its redshift.

�The Milky Way Galaxy



What we observe:  in the night sky there is an irregular cloud band about 20° wide which is whiter than the dark sky background in the rest of the sky.  It completely surrounds the sky.  Long before we understood anything about galaxies, this band was known to as the "Milky Way."  The ancient Egyptians called it the heavenly Nile.  The trick is to explain this phenomenon.



When Galileo first pointed his telescope at the Milky Way, he saw countless distant stars.  Larger telescopes and spectroscopes also show much gas and dust in this band.  William Herschel in the 1780s tried to figure out where we were in the Milky Way by counting stars at the various parts of it and concluded that we are in the center of the Milky Way galaxy.  In 1915 by using RR Lyrae variables to measure the distance to globular clusters (which have many of these variables) the American astronomer Harlow Shapley figured out that the Milky Way had more globular clusters above and below it in the direction of the constellation Sagittarius than in any other direction.  He concluded that the Milky Way had a spherical halo of globular clusters, hence the greater concentration of them and greater distances to some of them toward Sagittarius meant that the center of the galaxy was in that direction. 



The size, shape and design of the Milky Way



We live in a barred spiral galaxy.  It is disk shaped with a 15,000 ly diameter central bulge in which is the galactic nucleus located in the direction of Sagittarius.  The visible disk is about 80,000 ly in diameter and about 2,000 ly thick, with the sun about 25,000 ly from the center.  A roughly spherical halo of globular clusters is centered on the central bulge.  While they are hard to observe from our location and perspective in the Milky Way, the disk has spiral arms.  The arms are named (from the central bulge outward) the Centaurus arm, the Sagittarius arm, the Orion arm (where our sun resides), the Persius arm, and the Cygnus arm.  The arms on the opposite side of the central bulge are not observable from our perspective.



The galactic center cannot be seen because of the large amounts of dust and gas in the plane of the galaxy.  But at infrared and the 21 cm H II wavelengths we can probe the center where there is a 300 x 850 ly region filled with 5 million solar luminosities of OB stars.  It is known as Sagittarius A.  At the core of this object is an area which may be a supermassive black hole of 4 million solar mass all within a 0.1 ly diameter area.

�There are two types of stars in our galaxy representing different generations of star formation:



Population I stars - new stars, newly formed & forming stars containing many metals and heavier elements from previous supernova -- they are found in open clusters and having dispersed from these clusters in the spiral arms of the galaxy; also in the central bulge  -- our sun and most of the stars we see in the night sky are in this category.

 

Population II stars - old stars with very few metals in their spectra -- they are the stars found in globular clusters and also in the central bulge:  the first (or at least a previous) generation of stars in our galaxy.

�The Existance of Other Galaxies



The ideas that those fuzzy blobs were themselves island universes (today called 'galaxies') was proposed by the German philosopher Immanuel Kant.  But as late as 1920, we still did not know whether there were galaxies other than ours.  That year there was an academic debate between Harlow Shapley (1885-1972) taking the position that spiral nebulae such as M31 were distant parts of our own galaxy, and Heber Curtis (1872-1942) arguing that they were separate galaxies.



An attorney who abandoned his law practice and took up astronomy settled the debate in 1924.  That year Edwin Hubble (1889-1953) while at the Mt. Wilson Observatory discovered cepheid variables in the Andromeda Galaxy M31 and made the first measurement of intergalactic distances.  He proved that M31 was too far away to be part of our galaxy.



By 1928 he discovered that galaxies are mostly all redshifted, implying that they are moving away from us and away from one another.  The farther away the galaxy, the greater the redshift, meaning that faster it is moving away.  This is known as Hubble's law and the rate of expansion of the universe is called Hubble's constant, usually abbreviated H0.  An accurate figure has not been ascertained, but it is about 50 to 100 km/s per Megaparsec.

�The Morphology of Galaxies



The classification of types of galaxies was proposed by Edwin Hubble in 1926 as follows:



Ø	spiral galaxies: they can be subdivided into barred (SB) or normal (N) spirals; much gas and dust with OB stars and new star formation; they are formed as gas rotates into a pancake-shaped disk before the stars form; the spiral arms in some of these galaxies are rotating wavefronts; new star formation tends to take place in the disk at the wavefronts; about 77% of observed galaxies are spirals; the Milky Way is a barred spiral



Ø	elliptical galaxies: they are characterized by an absence of star formation, little or no gas, and no OB stars; mostly Population II stars; they are formed when the gas which comprised them coalesces to from stars before the galaxy is well organized and has acquired much spin; the stars all revolve around the galactic center in unrelated 3 dimensional orbits; these galaxies can be the largest of the three types, although they come in smaller sizes too; they comprise about 20% of all observed galaxies



Ø	irregular galaxies: they are like spirals in that they have much new star formation, regions of H II, but they have no distinct easily classifiable shape; they do rotate like spirals; they are smaller than the other two kinds of galaxies; they comprise 3% of observed galaxies 



If we survey only those galaxies within 30Mly from us, we get a different picture about the distribution of types of galaxies:  34% spirals, 12% elliptical, and 54% irregulars.



Active Galaxies



There are some galaxies (not categorized above), which have extremely powerful and compact energy sources, and hence can be seen from great distances.  They include:



Ø	radio galaxies: they come in two sizes: compact (when the radio source is equal to or smaller than the optical image), and extended (when they are larger than the optical image) frequently with two large lobes extending from a radio-bright compact nucleus, and sometimes with a narrow but long jet extending out from the nucleus.  The giant elliptical M87 in Virgo some 65 Mly away is an extended radio galaxy; radio characteristics include a very bright compact nucleus coinciding with the visual nucleus, radio jet emitting synchtron radiation coinciding with the visual jet, and large extended radio lobes (one at the end of the jet) for which there are no visual counterparts.



Ø	Seyfert galaxies: In 1943 Carl Seyfert noticed that certain spiral galaxies had broad emission lines indicating ionized gas; also compact bright nuclei; spectra show both red and blueshift indicating that gas is moving outward at speeds of 1,000 to 10,000 km/s.  Seyferts tend to be found in close binary systems indicating that tidal forces may drive them.



Ø	BL Lacerte (BL Lac) objects:  starlike point of light with rapid variablilty at all wavelengths over periods of less than a day, hence very compact, weak or no emission lines, polarized.



Ø	quasars:  this designation is short for "quasi-stellar object"; they are starlike points of light with redshifts indicating they are moving away at a substantial portion of the speed of light, i.e., 90% or more of the speed of light; they vary in brightness over periods as short as several hours and they are all 1 to 13 billion ly away  -- this means that some very small object is giving off a tremendous amount of energy, such as 10,000 times the energy of all the stars in our galaxy; the only known object which could give off such energy in a small space is a supermassive black hole of 108 to 109 solar mass.



The best explanation for the source of energy for all of these active galactic nuclei are supermassive black holes.  The black holes are spinning and have accretion disks of matter falling into them, and jets of gas thrown off perpendicular to the plane of spin of the black hole.  This may account for the fabulous amounts of energy which we see coming from these objects.   

�The Organization and Distribution of Galaxies



Galaxies are not spread throughout 3 dimensional space in a uniform manner.  



Near our galaxy and rotating around it are two small irregular galaxies known as the Large Magalanic Cloud (LMC) and the Small Magalanic Clouds (SMC).  They are visible only from earth's southern hemisphere, and are about 170,000 ly and 200,000 ly away respectively.



Galaxies are first organized into the group; our group being called (most appropriately) the Local Group, which contains about 30 galaxies.  Three spiral galaxies, the Milky Way, the Andromeda Galaxy (M31), and M33 in Triangulum are the largest galaxies in the Local Group.  The Milky Way is at one end of the group and M31 is at the other end, each rotating around one another and taking the other galaxies along for the ride.  The rest of the galaxies in our group are mostly irregulars and dwarf elipiticals.  The Local Group is about 3Mly or 1Mpc from one end to the other.



The Local Group has other galaxies which surround it, but are still fairly close, i.e., within about 7Mly or 2Mpc from our galaxy.  These along with our group form an association, with our association being named the Local Association.



Larger than the association is the cloud.  We are in the Coma-Sculptor Cloud, which is roughly an elongated pancake shaped grouping of galaxies about 40 Mly or 12 Mpc long.  One end of this cloud points in the direction of the sky where the constellation Coma Berenices is located, and the other end is in the direction of the constellation Sculptor, hence the name.  This cloud is composed of about a dozen seperate associations.



The Coma-Sculptor Cloud has a branch which extends from it.  Such a branch is called a spur.  The spur splitting off from the Coma-Sculptor Cloud is known as the Leo Spur because of its orientation in the direction of that constellation.



A dozen or so clouds combine to form a cluster, and a close grouping of clusters form a supercluster.



Basicly the large scale structure of the universe is one of a "lumpy" rather than uniform and even distribution of matter.

�The Origin of the Universe and the Big Bang



Aristotle's universe was spherical and finite.  He held that where there is no matter there could be no space, since nature abhors a vacuum. 



From the time of Newton onward the universe was assumed to be static, infinite in size and age, and filled with stars throughout 3 dimensional space.  This lead to the Steady State theory of the origin of the universe.



But if the sky is filled with stars to an infinite distance, and is infinitely old, why is the sky dark at night?  This problem, known as Obler's paradox, is solved only by rejecting the steady state theory and adopting a Big Bang theory.  In effect, the universe is now believed to be finite.  This is an odd twist where Aristotle's finite universe has (in a sense) come back into acceptance, although now with general relativity to explain it.

�COBE and the Microwave Background Radiation in the Universe



The commonly accepted theory of the creation of the universe is that it originated in a Big Bang about 15 billion years ago.  This original Big Bang event would have been incredibly hot, but since we observe any evidence of it from 15 billion light years away, the Hubble expansion of the universe should produce a tremendous cosmological redshift of the radiation.  The radiation would be redshifted into the microwave portion of the spectrum.



Proceeding on this theory, several physicists at Princeton in the early 1960s started calculating at what frequencies the blackbody radiation from the original fireball would be found.  Two Bell Laboratory scientists in 1965 found the radio static at various wavelengths including 7.35 cm and 3.2 cm, corresponded to a blackbody curve of 2.7 K.



When the Cosmic Background Explorer satellite (COBE) was launched in 1989, it collected detailed data to produce an all sky map of the 2.7 K blackbody radiation which showed a perfect blackbody curve which peaks at 1.1 mm.  But this perfect curve presented a slight problem.  If there were no irregularity whatever in the original primeval fireball, then that meant that the Big Bang would have produced a perfectly uniform spread of radiation, which when it cooled to produce matter, would have caused the matter to condense uniformly across the universe.  But that is not what we observe today.  The universe is "lumpy" in that there are galaxies in some areas, but not in others.  For this to have happened, there must be a slight lack of uniformity in the all sky 2.7 K radiation.  



On April 24, 1992 the COBE team announced that they had found that slight lack of uniformity when they measured the background radiation at 2.735 K with a deviation of one part per 100,000.  It happens that this is the exact amount of deviation needed to explain the formation of the "lumpy" universe which we see today.  In effect they confirmed that the universe formed from a big bang at a particular moment of time.

�Distances and Brightness of Some Astronomical Objects
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