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Chapter 1  Discovering the Night Sky
THE VISIBLE SKY
Constellations

· Summer constellations  (Scorpius, Sagittarius, Lyra, Cygnus, Aquila)

· Fall constellations  (Pegasus, Aquarius, Pisces, Perseus)

· Winter constellations (Orion, Auriga, Taurus, Gemini)

· Spring constellations (Leo, Bootes, Virgo, Libra, Hydra)

· North Circumpolar constellations (Ursa Major & Minor, Draco, Cassiopeia, Cepheus)

· South Circumpolar constellations (Centaurus, Lupus, Carina, Doradus)

Angular Measurement
· degrees of arc – 360 degrees in a circle

· minutes of arc –60 minutes in one degree

· seconds of arc – 60 seconds in one minute

Celestial Coordinates
· Right Ascension (RA) – celestial longitude

· Declination (Dec) – celestial latitude

The Celestial Sphere – Motions of the Stars 

· Horizon circle 

· North Celestial Pole – Polaris

· South Celestial Pole – no bright star nearby

· Celestial Equator

· Zenith, Nadir, Meridian

· Circumpolar Stars

· Daily motions and Annual motions

MOTIONS OF THE SUN
Noon – Sun crosses meridian

Motions relative to the Horizon

· summer & winter solstices

· spring (vernal) & autumnal equinoxes

Motions relative to the Stars
· Ecliptic & Zodiac

· Angular speed of Sun ~ 1( / day from east to west

Precession of the Equinoxes

· Today, vernal equinox in Pisces, NCP near Polaris in Ursa Minor

· In 3000 BC, vernal equinox was in Taurus, NCP near Thuban in Draco

· In 14,000 AD, VE will be in Virgo, NCP near Vega in Lyra

· Period of precession 26,000 yr

THE SEASONS
Cause:  Northern hemisphere of Earth tilted toward Sun in June, away in December

Effects:

1. Sun passes highest in sky in June; therefore, rays are most concentrated in June, least in December

2. Duration of sunlight longest in June, shortest in December

3. When Sun is low in sky, more sunlight is scattered back into space

Note: Seasons reversed in southern hemisphere

Beginning of Astronomical Seasons:

· summer & winter solstices

· spring (vernal) & autumnal equinoxes

MOTIONS OF THE MOON
· Phases of Moon – new, crescent, quarter, gibbous, full

· Sequence of phases:  new, 1st quarter, full, 3rd quarter

MOTIONS OF THE PLANETS
Planets visible to eye: Mercury, Venus, Mars, Jupiter, Saturn

Inferior Planets: Mercury, Venus

· Elongations -- best time to view 

· inferior & superior conjunction -- planet lost in glare of Sun

Superior Planets: Mars, Jupiter, Saturn (Uranus, Neptune, Pluto)

· Retrograde Motion of Mars (and Jupiter & Saturn)

· Conjunction (superior only)

· Opposition

Relative Distances of the Planets

· Inner planets orbit faster than outer planets

ECLIPSES OF THE SUN AND MOON
· Moon’s orbit inclined 5( with ecliptic, so it usually passes above or below Sun

· When it passes across the face of the Sun, an eclipse occurs

Solar Eclipses 

· occur only at new Moon, when Moon passes between Sun & Earth

· duration few minutes 

· shadow of Moon falls on Earth

· umbral shadow — dark portion, Sun completely blocked

· penumbral shadow — lighter portion, Sun partially blocked

Types of Solar Eclipses:

· partial solar eclipse — seen by observers in path of penumbral shadow

· total solar eclipse — seen by observers in path of umbral shadow

· annular eclipse — seen by observers in path of umbral shadow, but when Moon is at or near apogee & hence is too small to completely block the Sun —ring or annulus is visible

Lunar Eclipses 

· occur only at full Moon, when Earth passes between Sun & Moon

· shadow of Earth falls on Moon

· duration usually over 1 hour for Moon to pass through Earth's shadow

Types of Lunar Eclipses

· penumbral lunar eclipse — Moon passes through Earth's penumbral shadow only

· partial lunar eclipse — part of Moon passes through Earth's umbral shadow

· total lunar eclipse — Moon passes completely within Earth's umbral shadow

· Moon may appear ruddy red due to refraction of sunlight thru Earth's atmosphere

Cycle of Eclipses — Saros cycle ~18.6 yr

PREHISTORIC ASTRONOMY
Sunwatching of the Southwestern Pueblos

Anasazi Sunwatching: Ancient Pueblo Calendars

BABYLONIAN SKYWATCHING
· ~ 1600 BC – Babylonians compiled first star catalogues, began long-terms observations of planets

· By 800 BC – Babylonians had determined accurately motions of planets w/resp to stars on zodiac

· Observed retrograde motion of planets

· Were able to predict eclipses crudely

· Never developed scientific models of heavens, only kept records

GREEK MODELS OF THE COSMOS
Early Greeks devised geometrical physical models of heavens

Pythagoras (ca. 6th century BC) 

· Earliest scientific model: spherical Earth surrounded by spherical shells of different radii containing Moon, Sun, planets, stars.

· Failed to account for retrograde motions of planets

Plato (427-347 BC) 

· Continued in Pythagorean tradition spherical shells

· Demanded that all heavenly bodies move at uniform rate in circles

· Stated goal of astronomical model:  “save the appearances”

Aristotle (384 -322 BC)
· improved upon earlier models, tried to include retrograde motion 

· Viewed universe as consisting of two regions:

1. Realm of change near Earth – bodies made of 4 basic elements: earth, air, fire, water

2. Realm of eternal in heavens

· Heliocentric stellar parallax – not detected by Aristotle  (  concluded geocentric model

· Noted that shadow of Earth on Moon during lunar eclipse curved  ( Earth must be spherical

· Estimated diameter of Earth – 5100 km (later shown by Eratosthenes 13,400 km)

Aristarchus (3rd century BC)

· proposed heliocentric model 

· major writings destroyed in fire when library at Alexandria burned

Heliocentric model opposed for two reasons:

1. contradicted Aristotlean physics – stated that Earth moved

2. required stellar parallax – not observed

Hipparchus (160-127 BC)
· began notion of eccentrics, epicycles, deferents

Ptolemy (ca. AD 125)

· worked in Alexandria – had access to great library

· published Almagest

· devised model which would endure nearly 1400 years

· like Hipparchus, followed Plato’s dictum to save the appearances

· introduced equant & notion of non-uniform circular motion

Size of the Cosmos (determined by Ptolemy)

· distance to Moon – 59 Earth radii

· distance to sphere of stars – 20,000 Earth radii
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Chapter 2  Gravitation & the Waltz of the Planets
· Ptolemaic model absorbed by Arabic culture after decline of Greek civilization

· Arab manuscripts of Greek thought translated into Latin ca. 12th cent AD, then became known in Europe

· In 13th cent., King Alfonso of Spain sponsored publication of lists called Alfonsine Tables – predictions of planetary positions based on Ptolemaic model

COPERNICUS  (1473-1543) 

· Not satisfied w/ Ptolemaic model, primarily for aesthetic reasons (bothered by equant)
· Ptolemaic model geocentric – gave Earth special position in universe – center

· Began campaign for heliocentric model – made Earth just one of planets

· Published posthumously De Revolutionibus orbium coelestium  

· preface written by Lutheran clergyman Osiander – stated that heliocentric hypothesis not to be taken as reality, but only as model

The Heliocentric Model Of Copernicus
Except for relative positions of Sun and Earth, basic assumptions are same as Ptolemy’s: 

1. All planets move about Sun in circular paths at uniform speeds

2. The closer the planet to the Sun, the faster its speed of revolution (e.g., closest planet Mercury moves faster than Earth

New ideas in Copernican model:

1. All heavenly spheres revolve around the Sun, which lies at center of cosmos

2. Distance from Earth to sphere of fixed stars much greater than from Earth to Sun (explains why not parallax detected)

3. Daily motion of heavens (stars rising & setting) results from Earth’s rotation on its axis

4. Apparent motion of Sun relative to stars results from orbital revolution of Earth around Sun

5. Planets’ retrograde motion occur from motion of Earth relative to other planets

Planetary Distances
· synodic period – orbital period of planet w/ resp. to Earth

· sidereal period – orbital period of planet w/resp to Sun

Copernicus calculated sidereal periods of planets & found that planetary order from Sun related directly to sidereal period: 

· Mercury w/ shortest period closest to Sun

· Saturn w/ longest period farthest from Sun

Astronomical Unit – average Earth-Sun distance (Copernicus tried to calculate)

Problems with the Heliocentric Model

· did not improve upon Ptolemaic model in predicting planetary positions

· small circles added by Copernicus make it slightly more complex than Ptolemaic

· Violated Aristotlean physical principles, without offering alternative

· All earthy material must seek the center of cosmos

· If Earth rotated, then objects would be flung off by “centrifugal” force

Impact of the Heliocentric Model

· placed Earth out among planets – special position dethroned

· Catholic Church placed De Revolutionibus on list of prohibited books

· Idea nevertheless spread rapidly throughout Europe, although most professional astronomers (e.g. Tycho Brahe) considered it as just a geometrical model – true impact escaped them

TYCHO BRAHE (1546-1601)

· Danish noble

· encountered De Revolutionibus shortly after its publication, but took it merely as geometrical model

· rejected  heliocentric model on both physical & observational grounds, violated Aristotlean physics

The New Star (Nova) of 1572

· now know to have been supernova in constellation Cassiopeia

· Tycho observed for 2 yrs, proved from lack of parallax was amongst stars

· work on this star made him famous, provided funding for private observatory

Observatory Uraniborg Built on island Hven– Castle of the Heavens

· made records of planetary positions from 1576 - 1591

· also observed comet in 1577 – demonstrated was outside Earth’s atmosphere & Moon’s orbit

Tycho’s Hybrid Model

· devised model that combined features of Copernicus’ heliocentric & Ptolemy’s geocentric models

· planets went around Sun, but Sun orbited Earth

JOHANNES KEPLER (1571-1630)

· Kepler reshaped Copernican model into physical one which agreed well with observations

The Harmonies of the Spheres

· Kepler became fascinated with notion of relation between orbital periods and radii of planets

· came to believe that orbits of planets determined by some force emanating from Sun; published this idea in work Mysterium cosmographicum (1594)

· Kepler went to work as T. Brahe’s assistant 1600

· Tycho died suddenly 1601, leaving results of observations for Kepler to work on

· Kepler tried to fit orbits of planets with circles, but only ellipses fit well

Kepler’s Laws of Planetary Motion
1.  Law of ellipses  (1609)

2.  Law of equal areas  (1609)

3.  Harmonic law: P2 = a3   (1618)


The New Astronomy

· Kepler announced laws 1 & 2 in Astronomia nova (1609)

· calculated Rudolphine Tables using elliptical orbits, supplanted Alfonsine Tables

GALILEO (1564-1642) 

· Italian scientist tried to establish celestial physics on firm experimental & mathematical basis

· contemporary w/ Kepler, corresponded

· Galileo was to use the newly discovered telescope to examine heavens & give support for heliocentric hypothesis

· paved way for Newtonian physics

Galileo's Observations w/ the Telescope (invented ca. 1608)

· mountains & seas on Moon

· Sun has spots

· Milky Way composed of thousands of stars

· Jupiter has 4 tiny satellites

· Saturn has rings 

· Venus undergoes phases like the Moon

Publication of Siderius nuncius (1610) 

· told of telescopic discoveries

· Kepler supported Galileo in that satellites of Jupiter obeyed his laws

Galileo’s Discoveries & Copernican Model

· discovery of sunspots showed Sun has blemishes – not allowed

· discovery of satellites Jupiter – not orbiting Earth

· discovery of full set of phases of Venus – not in agreement w/ geocentric theory

Galileo's Crime

· Galileo officially declared himself a supporter of Copernican theory 1613

· Church Inquisition condemned him to house arrest 1633

· Required him to recant his convictions

Galileo & A New Physics Of Motion
· believed in need for set of general physical laws to describe motions of any object, not just planets

· made studies of bodies dropped from different heights & also rolling down inclined planes

Acceleration, Velocity, Speed

· speed

· velocity

· acceleration

Natural Motion Revisited

· Recall Aristotle divided motions in to 2 categories:  natural motions & forced motions

· Concept of inertia – object continues in motion or remains at rest, unless acted on by force

Forced Motion: Gravity

· Galileo viewed falling bodies as not due to natural motion, but motion due to a force –  gravity

· free fall – motion under influence of gravity only

· Experiments from top Leaning Tower Pisa – showed heavy & light objects fall at same rate -- Aristotle proved wrong

Galileo’s Cosmology

· Dialogue on Two Chief World Systems (1632)

· compared traditional geocentric system w/ Copernican system

· discusses possibility that is no crystalline shell of fixed stars

· suggests that universe may be infinite, w/ stars scattered throughout the “immense abyss”

NEWTON (1642-1727)
· Newton fused together terrestrial & celestial realms – ended long-standing tradition of Greeks

· Newton discovered law of gravitation, which explained why planets orbit as they do about Sun.  Kepler had explained the how.

· publication of his Principia contained new physics of motion & concept gravitation – unified view of physical universe

Young Newton

· born in same year that Galileo died

· enrolled at Cambridge U., studied physics

· Bubonic plague 1665 – University shut down, Newton returned home to study on his own optics, mathematics, mechanics

· invented reflecting telescope

Philosophiae naturalis principia mathematica  (mathematical principles of natural philosophy)
· explained in detail how gravity produces observed elliptical planetary motions 

· published at encouragement of E. Halley (1656-1742)

· defines quantities mass, velocity, acceleration

Newton’s Laws of Motion (defined in Principia)

1. Law of Inertia

2. the Force Law F = ma  (a =F/m)

3. the Reaction law

Newton & Gravitation
Centripetal Acceleration & Force 

· directed toward center

· gravity generates centripetal force keeps Moon in its circular (actually elliptical) orbit about Earth

· gravity generates centripetal force keeps planets in orbit about Sun

Newton’s Law of Gravitation

· every object in the universe attracts every other object with a gravitational force

· inverse-square force

F = Gm1m2/R2
Cosmic Consequences Of Universal Laws
Earth’s Rotation

· despite centrifugal force due to rotation, gravity keeps objects fixed to surface

Precession of Earth’s Axis

· discovered by Hipparchus (130 BC)

· caused because spinning Earth not perfect sphere, but has equatorial bulge 

· about 5/8 effect due to Moon, 3/8 due to Sun

Earth’s Revolution & Sun’s Mass

Gravity & Orbits

Orbits & Escape Speed -- Newton’s Mountain

· speed necessary for circular orbit

· elliptical orbits of satellites

· apogee & perigee points

· speed necessary for to escape orbit

Newton’s Cosmology
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Chapter 3  Light and Telescopes
VISIBLE ASTRONOMY: OPTICAL TELESCOPES
Basics of Optics – study of how direction of light controlled

Light experiences several processes which change its direction:

· refraction – light ray traveling through one medium bends when passing boundary into a second medium (e.g., air to water)

· light travels faster in low density medium than in high density medium


· amount depends on wavelength: ray of short ( bent more than long (
· reflection – light ray traveling through one medium bounces off a second medium it encounters (e.g., from air onto an aluminum surface mirror.

· Angle of incidence = angle of reflection

· angle of reflection independent of (
Optics & Images
Images formed by converging rays using either refraction (lens) or reflection (mirror)

Suppose lens or mirror has diameter D.  Place object O at some distance from lens or mirror. Image I produced at some position. Define:

· object distance  o – distance of physical object from lens or mirror

· image distance  i – distance of image from lens or mirror

· focal length  f – image distance if object placed at ( from lens or mirror (parallel rays) – fixed for any lens or mirror 

Quantities f, o, i all related by optics equation


1/f  =  1/o  +  1/i

Example:  Lens has f = 60 cm. An object is placed a distance o = 100 cm in front of the lens.  Where is the image formed?  Solving optics equation for image distance i gives 


1/i  =  1/f  - 1/o  =  1/60 cm  -  1/100 cm  =  0.0167 - 0.0100 =  0.0067 cm-1  


i  =  1/0.0067 cm-1  =  150 cm  from lens (on opposite side as object)

Focal ratio (f-ratio) – focal length divided by lens or mirror diameter



f-ratio  =  f/D

Example:  Lens has D = 6.0 cm and f = 50 cm.  Then f-ratio = f/D = (50 cm)/(6.0 cm) = 8.3 

Telescopes

requires two optical elements:

· objective – large lens or mirror which gathers & converges light into image

· eyepiece – small lens which magnifies image produced by objective

Two basic telescope types: 

· refracting telescope (refractor) – lens objective  (draw diagram) 

· reflecting telescope (reflector) – mirror objective

· e.,g., Newtonian reflector and Cassegrain reflector

Functions of a Telescope
1.  to gather light
Light gathering power of telescope depends on collecting area A ( D2
· LGP is relative quantity.  Consider two telescopes w/ objective diameters D1 & D2. Then LGP of telescope 1 relative to telescope 2 is



LGP  =  A1/A2  = D12/D22  =  (D1/D2)2
Example:  Telescope 1 has D1 = 60 cm and telescope 2 has D2 = 30 cm.  Then LGP of telescope 1 relative to 2 is 



LGP  =  (60 cm/30 cm)2  =  4.0  

2.  to resolve fine detail
Angular resolution (resolving power, RP) of telescope – inversely related to objective diameter D  (RP of mirror w/ diameter 60 cm is twice RP of mirror w/ diameter 30 cm). 

· RP measured in angular terms: degrees, minutes, & seconds of arc in sky

· RP always limited by diffraction – produces natural fuzziness

· RP limited in practice by turbulence of atmosphere 

Resolving power (RP) – smallest angular details visible with only diffraction limited optics (i.e., if there were no atmospheric distortion)


RP(arcsec)  =  2.52 ( 105  (/D


Since visible light has average ( = 5500 A = 5.5 ( 10-5 cm, we simplify the formula by substituting this in and assuming D is measured in cm to get 


RP(arcsec)  =  14 / D(cm)

Example:  What is the theoretical resolution of a telescope with D = 6.0 cm using light of ( = 5500 A.


RP(arcsec)  =  14 / (6.0 cm)  =  2.3 arcsec

3.  to magnify the image
Magnification power of telescope determined by ratio of focal lengths of telescope objective to eyepiece


MP  =  fobj / feyep
Example:  A telescope objective has fobj = 500 cm and is used with an eyepiece with feyep = 1.8 cm. What magnifying power results?



MP  =  500 cm / 1.8 cm  =  278

*Note: high MP achieved by either or both long fobj or short feyep
Measures of Atmospheric Conditions
· seeing – measure of blurring of astronomical images due to atmospheric unsteadiness

· transparency – measure of clarity of atmosphere due to water vapor, pollution, clouds, etc.

INVISIBLE ASTRONOMY 

· study of astronomical objects using radiations outside visible spectrum

· atmospheric absorption blocks some radiations other than visible

Other regions of EM spectrum to be studied:

· gamma ray, x-ray, UV, IR rays – atmosphere blocks; need to study from space or tall mountain

· most radio – atmosphere transparent to – can observe from ground

*Note: 


· gamma & x-rays blocked by molecules N2, O2 

· UV blocked by O3 (ozone)

· IR blocked by H2O, CO2
· long radio waves blocked by e’s in ionosphere

Ground-based non-optical telescopes:

· radio telescopes  (ground-based)

· radio interferometers


VLA, VLBA

· ground based IR telescopes (based on tall mountains or deserts to avoid H2O) 

Space-based telescopes

· IRAS – IR 

· IUE – UV 

· Hubble Space Telescope (HST) – UV, visible, IR

· ROSAT (Roentgen satellite) – x-rays 

· Gamma Ray Observatory (GRO)

IMAGE COLLECTION & PROCESSING
Photography 
· using chemical emulsions to detect photons

· now being supplanted by CCDs

CCDs (charge coupled devices)

· uses electronic detection of photons 

· consists of array of light-sensitive cells – build up charge when exposed to light

· Atoms which compose Sun & stars give off radiation. 

·  Structure of those atoms determines what type of radiation given off, hence can determine chemical composition from light emitted – birth of astrophyics

THE COLORS OF PLANETS & STARS
· Colors of Planets – due to reflected light 

· Colors of Sun & Stars  from emitted light – a measure of temperature

Note: Planets do emit energy also, but it lies in the IR region of the spectrum. 

Wien's Law

(max  =  2.9 ( 106 / T
(nm)

Note:  As temperature of an emitting body increases, the wavelength of peak intensity decreases (the body becomes less red and more blue).

Stefan's Law


E  =  (T4
Note:  As temperature of an emitting body increases, the energy emitted per unit area of the body increases (as the fourth power of the temperature). 

SPECTROSCOPY 

· Spectroscopy – sunlight passed through prism spreads out white sunlight into constituent colors:

· Spectroscope – instrument which contains a prism or grating & is used to produce a sprectrum

MAIN TYPES OF SPECTRA
1. continuous

2. absorption line

3. emission line

KIRCHOFF’S RULES  (ca. 1850)
1. An opaque solid, liquid, or highly compressed (high density) gas, when heated to incandescence, produces a continuous spectrum.  (Ex.: tungsten filament of light bulb)

2. A low density gas emits an emission line spectrum (bright lines) (Ex.: neon sign)

3. If a continuous sp. from (1) passes through low density gas at lower temperature, the cooler gas will extract certain wavelengths of radiation to produce dark lines in the otherwise continuous background. (Ex.: sunlight)

LIGHT & ELECTROMAGNETIC RADIATION

· Light behaves both as particle and wave

· Light wave carries energy in packet – photon (or quantum)

Rules for Waves

· frequency  f – number of waves which pass by a fixed point per time interval

· wavelength  ( – distance between consecutive crests

· speed of wave  v = f ( (  (applies to any wave)

Note:

· for light in vacuum,  c = f ( ( =  300,000 km/s  = constant

· f or ( determines color of light

· there exist forms of EM radiation with wavelengths both shorter & longer than light (see next section)

THE ELECTROMAGNETIC SPECTRUM
· consists of all radiation which possesses electromagnetic nature

· light only one part of EM sp

· Regions: 

· radio waves  (longest ()

· infrared (IR)

· visible (light)

· ultraviolet (UV)

· x-ray
(shortest ()

Note: 

· short ( ( high f  ( high energy  

· units of wavelength nanometer (1 nm = 10-9 m) and angstrom (1 A = 10-10 m)

· unit of f  hertz ( 1 Hz = 1 cycle/sec), also kHz & MHz

FUNDAMENTAL MODEL OF THE ATOM – developed in 20th century

nucleus – at center, contains protons & neutrons

· protons:  + charge

· neutrons:  0 charge

electrons:  - charge

Bohr Model of the Hydrogen Atom

· Energy levels

· ground state (n = 1)  e in lowest energy level

· excited states (n = 2, 3, …)  e in one of energy levels above ground state

· ionized state (n = ()  e removed from atom

· Electrons make transitions up & down between levels 

· e makes transition up ( photon absorbed (absorption line)

· e makes transition down ( photon emitted (emission line)

· Excitation & ionization energies

· Ways to excite or ionize atoms:

1. collisional excitation

2. photon excitation

SPECTRAL SERIES 

Hydrogen 

· Lyman series – absorption or emission in UV

· Balmer series – absorption or emission in visible light

Other Atoms

· Different energy level structures exist in other atoms, each unique

· Spectrum reveals characteristic set of lines – identifies presence of element (fingerprint)

THE DOPPLER EFFECT
· very familiar phenomenon with sound waves

· also applies to light

Rules:  

· If a moving source of light (or sound) is approaching a stationary observer, its frequency increases and wavelength decreases

· If a moving source of light (or sound) is receding from a stationary observer, its frequency decreases and wavelength increases

Note:

· The same effect occurs if the observer is in motion and the source of light is stationary

Formula for Calculating Doppler Shift:

((/(  =  v/c

or

((  =  ( (v/c)

where 

((  =  shift in wavelength

(  =  wavelength of stationary source

v  =  velocity of moving source

c  =  velocity of light 

