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Unit 5A: Astrophysics
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Physics + Astronomy = Astrophysics

	Diameter of atomic nucleus
	10-15m

	Diameter of atom
	10-10m

	Diameter of Earth
	107m

	Diameter of Sun
	109m

	Earth-Moon Distance
	4x108m

	Earth-Sun Distance
	1.5x1011m

	Diameter of Milky Way
	1021m

	Distance to nearest galaxy
	1022m

	Farthest galaxy seen
	5x1025m

	Estimated no. of stars in observable universe
	>1020m



Solar System contains:
· Sun – classed as a “yellow dwarf”
· 8 planets! And a dwarf planet called Pluto (and other objects referred to as Plutons like Ceres (the largest asteroid), and Charon (Pluto’s moon)
· Smaller Asteroids
· Comets

Our Sun is one of approx. 1011 stars orbiting the centre of a galaxy called the Milky Way.

There are many different types of stars, our Sun being a smallish, common sort. The space between stars is called the Interstellar Medium (ISM) and contains gas and dust from which new stars and planets form.

Our galaxy is one of approx. 20 that forms a cluster together that we collectively call the Local Group.

The nearest star (with the exception of the Sun) is Proxima Centauri which is 4x1016m from Earth. This is equal to 4.2 light-years or 1.29 parsec (see later).
[image: http://www.volcanodiscovery.com/volcano-tours/typo3temp/pics/31965520c3.jpg][image: http://heasarc.gsfc.nasa.gov/docs/cosmic/gifs/milkyway.jpg]








The photo on the right is a view from Earth of the Milky Way, the photo on the left is obviously not the Milky Way as no probe has ever left the Milky Way – it is what we think the Milky Way looks like.

The Milky Way galaxy is a thin disc, spiral galaxy which has a diameter of 105 light-years. Beyond our galaxy are other galaxies too many to count, each containing billions of stars.

Definition of a Light-year

One light year (ly) is the distance that a photon of light travels in one year. 

1 ly = 3x108ms-1 x 365days x 24hours x 3600s = 9.46x1015m

1 parsec = 3.262 light years

Distances are also measured in Astronomical Units (AU) which is the distance from the Earth to the Sun, so 1 AU = 1.50 x 1011m.

	Mean Earth Radius
	6.371x106m
	0.02 light-seconds

	Mean Earth-Moon distance
	3.844x108m
	1.3 light-seconds

	Mean solar radius
	6.960x108m
	2.3 light-seconds

	Mean Earth-Sun distance
	1.495x1011m
	8.3 light-minutes

	Mean Jupiter-Sun distance
	7.77x1011m
	43 light-minutes

	Mean Pluto-Sun distance
	5.91x1012m
	5.5 light-hours

	Sun-α Centauri distance
	
	4.3 light-years

	Sun-Orion Nebula distance
	
	1400 light-years

	Typical separation between bright star groups
	
	~3000 light-years

	Sun-Galactic Centre distance
	
	27,000 light-years

	Galaxy radius
	
	50,000 light-years

	Galaxy-Large Magellanic Cloud distance
	
	170,000 light-years

	Typical galaxy-galaxy distance in the local cluster
	
	500,000 light-years

	Galaxy-Virgo cluster distance
	
	62 million light-years

	Galaxy-Hydra cluster distance
	
	3.3 billion light-years

	Radius of the visible Universe
	
	15 billion light-years




The Definition of a Parsec
[image: Parallax]
Stars appear to be in different places in the night sky at different times of the year due to parallax with more distant stars.

If the angle (called the parallax angle) p is equal to 1 arc-second the distance from the Earth to the star in question is 1 parsec.

There are 360 degrees in a circle, 60 minutes in a degree and 60 seconds in an arc.






Note: Parsec is an abridgement of parallax and second


Where: 
· d is the Earth-star distance in parsecs
· p is the angle in arc-seconds (referred to as the annual parallax)

The parsec is the distance for which the annual parallax is 1 arcsecond.

1pc = 206,264.81AU

Questions:
1. The measured annual parallax of proxima centauri (a nearby star) is 0.762 arc-seconds. What is the Earth – star distance in parsecs?
2. The distance to a distant star is 600pc. What is the annual parallax of this star in arc-seconds?

Observations in Astrophysics

All our knowledge regarding stars has been discovered by analysing EM radiation that they emit. Optical telescopes were the first to be used, but as technology has advanced the full range of the EM spectrum has been used (Radio, IR, UV, X-rays and gamma rays).

Radio telescopes like Jodrell Bank require large dishes to increase their resolution. Radio waves suffer very little absorption as they travel through space compared with other wavelengths and so are good at analysing objects very far away. Radio telescopes can be ground based as the atmosphere has relatively little effect on radio waves – although man-made interference like radio waves from mobile phones has caused increasing problems.

Infra-Red (IR) telescopes are usually situated on tops of mountains in dry climates (Hawaii, Canary Islands,etc) to minimise absorption by the atmosphere, mostly due to water vapour.

Optical telescopes are usually ground based, but also benefit from being above cloud level level.

Satellite telescopes orbiting the Earth are not affected by atmospheric absorption and distortion and are essential for UV, X-ray and gamma ray astronomy. Hubble is an optical telescope that also detects radiation either side of the visible spectrum. HERSCHEL and WISE are two satellites launched in 2009 that observe in the Infra Red, PLANCK  observes the cosmic microwave background, and SOHO images the Sun in UV. There have been many others.


Optical Telescopes
Lenses:

Telescopes used by amateur astronomers are usually refracting telescopes that use lenses to focus light (as opposed to reflecting telescopes that use mirrors).

Lenses form images of the viewed objects and ray diagrams are used to follow the path that the light takes as it passes through the lens.

A convex lens is a converging lens.

The focal point, F, or principal focus of a convex lens is where parallel rays of light would converge to one point.
[image: convex lens]
The distance from the focal point to the centre of the lens is called the focal length of the lens.

A concave lens is a diverging lens.
[image: concave lens]
Parallel rays are diverged so that they appear to come from the principal focus, F, of a concave lens. 

Objects always look smaller through a concave lens.

Rules to follow when constructing ray diagrams:

1. Parallel rays of light are refracted through the principal focus, F.
2.	Rays of light passing through the centre of the lens travel straight on.
[image: Lens01]

General vocabulary:

F is called the principal focus and the distance from the principal focus to the lens is called the focal length, f.

The value 1/f is known as the optical power of the lens. Lens power is measured in dioptres, which are units equal to inverse meters (m−1).

If the image is larger than the object, it is said to be magnified.

If the image is smaller than the object, it is said to be diminished.

Real images are formed if rays of light pass through a lens and form an image on the opposite side of the lens.

Virtual images are formed if rays of light pass through a lens, but the image appears to be on the same side of the lens as the rays originated.

Images are either upright or inverted. The retina at the back of the eye receives inverted images but the brain inverts them again, making the image the right way up!

The Image, I, depends on where the Object, O, is placed:

Distant object (outside 2F):
[image: Lens02]

Image is inverted, real and diminished.


Uses:	 camera, eye.	


Object between F and 2F:
[image: Lens03]

Image is inverted, magnified and real.


Uses:	 slide projector, film projector, microscope objective lens



Object between F and the lens:
[image: Lens04]

Image is upright, magnified and virtual (It appears to be the same side of the lens as O)




Uses: magnifying glass, instrument eyepiece, long sightedness correction

Object at infinity:
[image: Telescope Ray Diagram]


Image is real, inverted, diminished




This arrangement is used at the objective lens of a telescope.

Object at F:
[image: Telescope Object at F]
Image at infinity, but can be focussed by eye.



Produces a parallel beam of light as used in spot lights on stages, with the lamp at O.

Object at 2F:
[image: Telescope Object at 2F]
Image is real, inverted and the same size as the object

Camera making equal size copies.


Image formed by a diverging lens:
[image: Diverging Ray Construction]
Image is virtual, upright, diminished

Used as eyepiece in some instruments, used to correct short-sightedness






There is a simple relationship between the distances of the object, u, the image, v, and the focal length of the lens, f, called the lens-maker’s formula:



The units for distance in this equation must all be the same.


Refracting Telescopes

If two lenses are used together, an object can be greatly magnified. If the object is close to the lens it is the basis of the microscope, if it is far away from the lens it is called a refracting telescope.

Rays from such an object can be considered to be parallel and the diagram below shows the path of some rays of light from a single point on the distant object:



[image: Refracting Telescope]

There is an objective lens (focal length fo) and an eyepiece lens (focal length fe). The objective produces an image at its focal point which coincides with the focal point of the eyepiece. This is called normal adjustment. The eyepiece uses this image as its own “object” and produces an image that is effectively at infinity, which is viewed by the observer. This image is inverted.

The rays enter and leave the telescope parallel to each other, but the angle of the rays entering () compared with those leaving () has increased, meaning that the object has been magnified.


Angular Magnification


Angular Magnification, M = 

Look at the diagrams below for an explanation:


[image: Angle Alpha]Angle  is the angle between the rays coming from different points on the distant object (for example, the edges of the Moon) as they enter the telescope objective lens or the unaided eye.

[image: Angle Beta]Angle   is the angle between the same rays as they enter the eye after passing through the telescope. Angular magnification is produced because  is wider than .





Since the focal lengths coincide geometry gives:




If high magnification is required then the objective focal length needs to be as long as possible. This led to early telescopes being built that were up to 60m in length, suspended by masts. Binoculars overcome this by using prisms to make the light travel three times down the same tube. This also produces an upright image.

Early astronomers had problems not only with low magnification but distortions caused by aberrations.


Chromatic Aberration

One problem with refracting telescopes is that there is a frequency dependence for refraction, so the amount of refraction at each surface of the lens depends on the wavelength. 
[image: Chromatic Aberration]
Thus, different wavelengths focus at slightly different points. This is called chromatic aberration, and causes objects like stars to be surrounded by fuzzy, rainbow colored halos. 

Chromatic aberration can be corrected by using a second carefully designed lens mounted behind the main objective lens of the telescope to compensate for the chromatic aberration and cause all wavelengths to focus at the same point. This is done by sticking a convex and a concave lens together to make an achromatic doublet, but it doesn’t completely eliminate the problem.

Spherical Aberration

This is due to the manufacture of the lenses being produced as sections of spheres; rays of light away from the centre are brought to a focus closer to the lens than those that have passed through the centre. 
[image: http://www.umich.edu/~lowbrows/guide/opticaljargon7.png]
This again leads to blurring of the image, which can be minimised but not eliminated. A variable aperture can be used.

Reflecting Telescopes
	
Concave mirrors can produce images that are of a much higher quality than a lens. Newton was the first to produce a working design:


[image: A4rflctl]


Advantages over lens-based telescopes:

· Mirrors don’t produce chromatic aberration because they do not refract light.
· Mirrors can be produced with paraboloidal rather than spherical surfaces, which greatly reduces spherical aberration.
· Mirror diameter can be much greater than that of the lens because it can be supported at all points on its non-reflecting side. Large lenses can only be supported at their sides and tend to sag under their own weight. (1m is the maximum)

This last point is the reason why all of the world’s largest telescopes are reflectors. The world's largest optical / IR telescopes are the twin 10-meter Keck Telescopes operated by the University of California and Caltech on the 13,700ft dormant volcano, Mauna Kea, Hawaii. 


There have been many designs for reflectors but the most popular is the Cassegrain telescope; most professional observers use it, as well as the Hubble space telescope.

[image: Cassegrain]		[image: OrionAtlas11EQSchmidt_2DCassegrainTelescope_small]


An additional advantage of the Cassegrain design is that its physical length is much shorter than its focal length.

The main light gathering mirror is called the primary, which is concave and paraboidal in shape. It reflects light onto a convex secondary mirror which in turn reflects the light through a central hole in the primary, where it is focussed.


Disadvantages include:

· More expensive than Newtonians of equal aperture. 
· Slight light loss due to secondary mirror obstruction compared to refractors. In practice, the mirror is so large that only a small fraction is missing.

Detection
The obvious way to detect light from a telescope is the eye, but if a permanent record is required photography is usually used. Photographic film is made up of grains of silver halide that darkens when light falls on it. It has a quantum efficiency of approx. 1%, meaning that it requires around 100 photons to cause a grain to develop.

Quantum efficiency (QE) is a quantity defined for a photosensitive device such as photographic film or a charge-coupled device (CCD) as the percentage of photons hitting the photoreactive surface that will produce an electron–hole pair. It is an accurate measurement of the device's sensitivity. It is often measured over a range of different wavelengths to characterize a device's efficiency at each energy. Photographic film typically has a QE of much less than 10%, while CCDs can have a QE of well over 90% at some wavelengths.


CCD (Charge Couple Device)

In recent years, charge couple devices have become very popular, they have quantum efficiencies of at least 70%.

Principle of operation:
· [image: http://umbra.nascom.nasa.gov/eit/images/ccd.jpg]A Silicon chip is divided into pixels
· Photons hit the chip which release electrons by the photoelectric effect
· Charge builds up in ‘potential wells’ that is proportional to the light intensity
· The image formed is identical to the electron pattern
· The charge is read out to give an image

Resolution and the Rayleigh Criterion

The performance of a telescope is, ultimately, limited by the wave nature of light, since this affects its ability to resolve fine detail. Diffraction occurs as light enters the aperture (like single slit diffraction) and this produces a circular diffraction pattern like this: 
[image: http://outreach.atnf.csiro.au/education/senior/astrophysics/images/resolution/airydisc1.jpg]
The central spot is blurred due to light spreading out as it is diffracted.

Airy Disc: This is the central bright spot of the diffraction pattern produced when light passes through a circular aperture.

The resolving power of a telescope is called the Rayleigh criterion which is the minimum distance between two sources which can be resolved by a telescope found when centre of one Airy disc falls just outside the Airy disc for the other source. See below:

[image: deconresolutionfigure1]

Two point sources will produce two overlapping patterns, and are said to be resolved when the central maximum of one coincides with the first minimum of the other, this is called the Rayleigh Criterion. Two points can just be resolved if their angular separation on the sky (in radians) is not less than θ, where:



λ is the wavelength of the light and D is the diameter of the objective lens or primary mirror, so short wavelengths and large apertures improve the resolution.

· In practice the resolution of ground-based telescopes is limited by the blurring effect of the Earth’s atmosphere (this is why stars appear to twinkle).
· Increasing the magnifying power of a telescope without improving its resolving power is like stretching a rubber sheet on which a picture has been painted – the picture gets bigger but no more detail can be seen.
Non-optical Telescopes


Radio Telescopes


[image: aoair2] 		[image: radio-telescope]

Radio astronomy is unaffected by cloud cover and can be performed during the daytime, two significant advantages over visible light telescopes. Disadvantages are discussed below, but this “transparency” of radio waves is the reason why it continues to be widely used, since it allows us to probe the internal structure of astronomical objects that are opaque at shorter wavelengths. In particular, atomic hydrogen, by far the dominant element in space, emits radio waves at a wavelength of 21cm, which has been used to produce large scale maps of the Milky Way galaxy, demonstrating that it is spiral shaped and rotating like a Catherine-wheel.

Radio telescopes are similar to optical telescopes in that they use a parabolic reflector (called a dish) to focus waves onto a detector (see above). However, they differ in that the detector is an antenna at the focus which converts the waves into an electrical signal, just like a TV aerial. This simply measures the intensity in the narrow beam parallel to the telescope axis and cannot produce an image. To build up a “picture” the telescope must change direction, scanning the sky in lines.

Radio telescopes are very big, the photo above is of the Arecibo Radio Telescope in Puerto Rico which was used in the Bond film “Goldeneye”, and is 305m in diameter. There are two reasons for the size of radio telescopes:
1. 
Radio wavelengths are thousands of times larger than those for visible light. However, from , it is clear that poor resolving power will only be partially solved by increasing dish size.
2. Astronomical objects tend to be very weak emitters of radio waves, and the rate at which the energy is received (the power) is proportional to the area of the collecting dish: 
Power  diameter2


For a telescope to have a resolution, in theory, as good as that set by the limits of diffraction, , its parabolic surface must be accurate in shape to a precision of about λ/20. e.g. ~1cm for 21cm radio waves. Large dishes can sag under their own weight, so wire mesh is sometimes used to make them lighter (not to cut down wind resistance). Provided the holes are less than λ/20 in size, diffraction does not degrade the image. (Like satellite TV dishes)

Infra Red Telescopes
[image: ]

Infrared astronomers study parts of the infrared spectrum, which consists of electromagnetic waves with wavelengths ranging from just longer than visible light to 1,000 times longer than visible light. Earth’s atmosphere absorbs infrared radiation, so astronomers must collect infrared radiation from places where the atmosphere is very thin, or from above the atmosphere. Observatories for these wavelengths are located on certain high mountaintops or in space. Every warm object emits some infrared radiation. Infrared astronomy is useful because objects that are not hot enough to emit visible or ultraviolet radiation may still emit infrared radiation. Infrared radiation also passes through interstellar and intergalactic gas and dust more easily than radiation with shorter wavelengths.

1. Infrared wavelengths are shorter than those in the radio band and so telescopes can be smaller to achieve the same resolution. 
2. They are of course particularly sensitive to thermal ‘noise’,  i.e. the detection of unwanted infrared radiation  from the surroundings or the telescope itself. For this reason they are cryogenically cooled, often to temperatures just above absolute zero. 
3. The shorter the wavelength the more the radiation behaves like photons and this means that CCD detectors can be used that allow images to be built up. 

UV Telescopes

 (
The Sun imaged in ultraviolet by the SOHO space telescope
)[image: ZP72651]

Ultraviolet light has wavelengths longer than X rays, but shorter than visible light. Ultraviolet telescopes are similar to visible-light telescopes in the way they gather light, but the atmosphere blocks most ultraviolet radiation. Most ultraviolet observations, therefore, must also take place in space. Most of the instruments on the Hubble Space Telescope (HST) are sensitive to ultraviolet radiation. 


X-Ray Telescopes

[image: ]

X-ray astronomy provides astrophysicists with a means to study violent and energetic events in the universe. Objects and regions in space emit X rays for one of two reasons. Most X rays come from regions in which gas is heated to tens of millions of degrees Celsius. This heating may be a result of shock waves from huge stellar explosions, gas plunging into intense gravitational fields. X-ray emission caused by hot gas is called thermal emission. X rays may also be emitted when powerful magnetic fields accelerate electrons to nearly the speed of light. This kind of X-ray emission is called non-thermal emission.
The Earth’s atmosphere absorbs most of the X-ray radiation that hits it. Therefore X-ray astronomy requires instruments to be above Earth’s atmosphere. Astronomers use rockets, balloons, and satellites. They must also use special telescopes and detectors because X rays pass right through ordinary telescopes.
X-ray telescopes reflect and focus radiation like optical telescopes, but it is more difficult to do and the resolution is poorer. Many X-ray telescopes use a metal mirror in the shape of a hyperbola or a parabola. The mirror in these X-ray telescopes—called grazing-incidence telescopes—is not shallow like that in optical wavelength telescopes, but is instead almost cylindrical. When X rays reach the mirror, they barely graze the mirror’s surface. The angle between the mirror and the incoming X rays is just large enough that the mirror reflects the X rays toward a central focus, but not large enough to allow the mirror to absorb the X rays or to allow the X rays to pass through the mirror. CCDs can then be used to produce an image. 








Stellar Properties

There are a number of useful quantities that, if known, enable astronomers to have a better understanding of stars and their evolution.

Surface Temperature:

To a good approximation, stars can be thought of as black body radiators. This is a theoretical body that absorbs all the radiation that falls on it. The radiation that it emits has a spectral distribution (i.e. wavelength dependence) that depends only on temperature. Spectral intensity distribution of Planck’s black body radiation as a function of wavelength for different temperatures. The maximum of the intensity shifts to shorter wavelengths as the black-body temperature increases. These are also known as Planck distributions, for short.

[image: Planck Distribution]
Points to Note:

1. The energy emitted is expressed as an intensity, Eλ. This is the energy emitted per unit time per unit surface area per unit wavelength. If we add up all the intensities at the different wavelengths (i.e. find the area under one of the curves) we get the total intensity E, which is the energy emitted per unit time per unit surface area. If we add these up for the whole of the surface area of the body we get the energy emitted per unit time, which is the power or luminosity.

2. The curves have a characteristic shape, with maximum emission at a wavelength λmax that decreases with temperature. This confirms that the hotter a body gets, the shorter the wavelengths at which it emits (“white-hot” is hotter than “red-hot”). In fact, there is a simple relationship between λmax and temperature T, known as Wien’s law:
λmaxT = constant	(2.90x10-3mK)

Note: mK here is metre Kelvin as opposed to milliKelvin




3. The area under any curve is the total intensity at that temperature. This is proportional to the fourth power of the temperature in Kelvin, which can be written as:

E = σT4		and is known as the Stefan-Boltzmann Law

σ is Stefan’s constant and has a value of 5.67x10-8Wm-2K-4


Stars are not a uniform temperature all in their interiors; their temperature depends on the distance from the centre. At the centre, where nuclear reactions take place, they are very hot, but the radiation received at Earth is from the cooler outer layers. The apparent colour of the star indicates the surface temperature, blue being hotter than white, which is hotter than red. With Wien’s law the spectrum of this radiation can be used to estimate the surface temperature of the star.


Power (sometimes referred to as Luminosity):

The power of a star is P, or the energy emitted per second. If the power and surface temperature of a star are known then its radius r can be found from the Stefan-Boltzmann law (assuming it is spherical):

P = σT4 x surface area

P = 4πr2σT4

Unfortunately, it is not easy to find the power output of a star, since its distance from us is not known. Suppose a star is a distance d from Earth, then taking it to be a point source of light we know that the intensity, I, received at Earth is given by:


	(Wm-2)

This is an inverse square law and it follows that stars of the same luminosity will appear much fainter if they are further away. Note that this formula takes no account of absorption or scattering of radiation on the way to Earth.
[image: Inverse Square Law]
In fact, the power or luminosity of a star can be estimated from its temperature by placing it correctly on a Hertzsprung-Russell diagram (see later)

Stellar Magnitudes:

The intensity of light from a star received at Earth (I) is a quantity that can be measured very precisely these days, but astronomers have always wanted to compare the “brightness” of different stars for classification purposes. Historically a system of magnitudes has been used, which dates back to the ancient Greek astronomers. The stars visible to the naked eye were assigned an apparent magnitude (m), the brightest being +1, and the faintest +6. The scale has since had to be extended beyond this range, mostly due to the invention of the telescope. Some values for well-known objects are given below:

	Star
	Apparent Magnitude
	Distance from the Earth /ly

	Sun
	-26.74
	~

	Sirius
	-1.46
	8.6

	Canopus
	-0.72
	74

	Arcturus
	-0.097
	34

	Rigel
	0.12
	1400

	Altair
	0.77
	16

	Aldebaran
	0.85*
	60

	Deneb
	1.25
	1500

	Barnard’s Star
	9.5
	6.0




 
















*Variable star

In fact the eye has a logarithmic response to the intensity of light, meaning equal ratios of intensity appear as equal differences in brightness (so for example, a series of lamps that appear to be increasing equally in brightness might have intensities increasing in the ratio 2, 4, 8, 16, 32, etc.). This is similar to the human ear, which is why the logarithmic decibel unit is used. It was realised the magnitude scale 1 to 6 corresponded to a factor of 100 difference in intensity. 

Clearly the apparent magnitude of a star depends on its intrinsic brightness and the distance from Earth; for this reason a scale of absolute magnitudes (M) was devised which depends only on the power (luminosity) of the star. 

This is defined as the apparent magnitude the star would have if it were at a distance of 10parsecs from Earth (1 parsec = 3.262 light years). The equation relating a star’s apparent (m), absolute magnitudes (M) and the true distance from Earth (d) is as follows:




Magnitudes are a measure of faintness
Distance, d, is in parsecs

Chemical Composition

The general shape of the spectrum of light received from a star was given on p.16. Within such a spectrum there are always a number of absorption lines, caused by atoms and ions in the cooler outer layers absorbing radiation from the interior. These lines are characteristic of the atoms and ions that produce them, and hence can be used to find which elements are present in the atmosphere of the star, and their relative proportions. On this basis stars were classified according to their spectral type. It was quickly realised that the spectral type depended only on the surface temperature, leading to the relationships below:

[image: ]

Notes:

1. The majority of stars are found to have a chemical composition mostly in the form of hydrogen and helium. The spectral transitions of hydrogen are shown in the diagram below and you should note that the Balmer series absorption lines (which lie in the visible spectrum) require the atom to be already in the excited n=2 state.

2. Different spectral lines are prominent at different temperatures because atomic states of ionisation and excitation depend on temperature. For example, He+ lines are only seen in the hottest stars because they are the only stars where the temperature is high enough to ionise helium. Such lines do not appear in cooler stars, but calcium is easier to ionise and so Ca+ lines are strong.

3. In the coolest stars atoms are able to form molecules, and lines due to species such as SiO can be seen. Even in the spectrum of the Sun, lines produced by water molecules have been seen in the cooler sunspot regions.

If the star is surrounded by a shell of relatively diffuse gas then emission lines may also be present in the spectrum.
Absorption Lines of hydrogen in a star: 

[image: ]

Negative energy because the electron is bound to the atom. 

Energy needs to be transferred to the electron to free it from the atom. At infinity the energy possessed by the electron is zero.

Energy of emitted photon = E1 – E2 = ΔE = hf

Electrons can only move between these allowed energy levels, they can only gain / lose specific amounts of energy.

Different elements have different energy levels and, therefore, have different spectral lines.

Question:

1. Calculate the wavelength of the light emitted by one of each of the three spectral sequences in the diagram at the top of the page.
2. The three sequences represent EM radiation that is categorised into UV, IR and visible light. Which is which?
3. Which spectral sequence do you think was discovered first and why? Which was discovered last?

[image: discretbc]
Solar Elemental Abundances:


	Element
	Number %
	Mass % 

	Hydrogen
	92.0
	73.4 

	Helium
	7.8
	25.0 

	Carbon
	0.02
	0.20 

	Nitrogen
	0.008
	0.09 

	Oxygen
	0.06
	0.8 

	Neon
	0.01
	0.16 

	Magnesium
	0.003
	0.06 

	Silicon
	0.004
	0.09 

	Sulfur
	0.002
	0.05 

	Iron
	0.003
	0.14



[image: 05-09][image: energy transitions in the hydrogen atom]







Hertzsprung-Russell Diagram

This is a plot of Power (or Luminosity) against Temperature, and we have seen how temperature can be replaced by spectral type. It is plotted using nearby stars whose luminosities can be found by parallax. Examples are shown below and display three main regions corresponding to different types of stars. Around 90% of stars lie on the main sequence, a band stretching from top left to bottom right, hot and bright to cool and faint. Distinct from this are the red giants, which are cool stars that are abnormally bright, because they have very large surface areas. Below the main sequence there are the white dwarfs, which are hot stars that are abnormally faint, because they have very low surface areas.  
[image: hr]


Observing the spectrum of a star means that its surface temperature can be found using Wien’s law, or its spectral type can be determined. If the star is main sequence then the H-R diagram can be used to estimate its true, or absolute luminosity (or power).

[image: http://imagine.gsfc.nasa.gov/docs/teachers/lifecycles/Image31.gif]Surface temperatures have a very wide range, from 50,000K to 2000K. In fact, the observed temperatures of astronomical objects range from 107K (coronal gas) down to close to absolute zero (molecular clouds).




Our Sun is a G type star, with an absolute magnitude of +5
Stellar Evolution

The types of star mentioned above form part of an evolutionary sequence in the life cycle of a star. As a star ages so does the composition and temperature of its outer layers, and therefore so does its spectrum. This means it occupies different parts of the H-R diagram.

Star Formation

The space between the stars is not empty; it contains gas and dust particles that are at densities far lower than the best vacuums attainable in the lab on Earth. The gas is almost entirely composed of hydrogen and helium (other elements have only trace abundances), whereas the dust particles are made from silicon or carbonaceous material. The density is around one atom per cm3 on average, but there are “clouds” of gas where this can rise to a million or so. These clouds are cold (~10K), and the centres of some can become dense enough that gravitational contraction can occur. This draws material in from the rest of the cloud, creating an even denser central “core”, and a protostar starts to form.

The in-falling material is losing gravitational potential energy which is converted to kinetic energy, causing the protostar to heat up. Eventually the temperature becomes hot enough (107K) for thermonuclear fusion reactions between hydrogen atoms to start, releasing large amounts of energy. At the same time the large increase in density and temperature is increasing the pressure, and this together with pressure due to radiation itself opposes further in-fall. Eventually equilibrium is established and infall ceases.

If the protostar has less than a certain mass (~0.08 x Solar Mass (0.08M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png]) it will never become hot enough to start fusion, and becomes a low temperature “pseudo-star” with a lifetime of only a fraction of that of the Sun, known as a brown dwarf.

Once the in-fall has stopped, the material not involved in forming the star is blown away and the star enters the stable phase where it spends most of its lifetime. Its position on the H-R diagram is then somewhere on the main sequence – it starts at the bottom right, but precisely where it ends up depends on its temperature which in turn depends on its mass. High mass stars are hotter and appear higher up on the diagram, and they also burn up their fuel more quickly and so spend the least amount of time on the main sequence, see below:

	Mass (Sun=1)
	Time on main sequence (x106 years)

	0.5
	200,000

	1
	10,000

	3
	15

	25
	3







The Deaths of Stars

Eventually the hydrogen in the core of the star has been entirely converted to helium and fusion stops. The loss of radiation pressure means that the core is no longer supported against further gravitational collapse, and as it shrinks it heats up further. This allows hydrogen burning to take place in the surrounding layers that were previously too cool for fusion to take place, but the effect of this is to allow the outer layers of the star to expand out into space, and the diameter of the star can increase to perhaps 100 times its original size. These outer layers are cooler than before, around 3000K, and, therefore, glow red. The star is now a red giant, and spends about a fifth of its life in this stage. It moves off the main sequence of the H-R diagram.
[image: hshellburningsml]	[image: hrdiagram1]


Meanwhile the core continues to heat up as it collapses, and at 108K helium fusion can begin, forming carbon and oxygen, and producing more energy. At this point the subsequent evolution depends on the mass of the star.

Mass less than 8M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png]

Once the helium has been exhausted further core collapse does not provide sufficient energy to initiate fusion of heavier elements. The higher temperatures allow the outer layers to drift away, revealing the dense core, which is called a white dwarf. Although it glows white initially, eventually it cools down to become optically invisible, as the contraction stops. The star moves to the bottom left of the H-R diagram, see below:

[image: ms_wd]
[image: White Dwarf]
A white dwarf has a diameter that is only 1% that of the original star, but it is extremely dense – a teaspoonful would have a mass of 1000kg. The carbon and oxygen atoms have had the electrons stripped from them and been squeezed together by gravity, so that the electrons and nuclei are much closer to each other than in normal materials. They are prevented from getting any closer to each other by electron degeneracy pressure, which is a quantum mechanical effect. A law of quantum mechanics (the Pauli Exclusion Principle) states that electrons cannot exist in the same quantum state, and this provides higher densities.

Mass greater than 8M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png]

For these stars helium burning is not the end of the fusion processes. When the helium is exhausted further, core contraction can produce temperatures high enough for fusion of even heavier nuclei, producing nuclei up to iron, 56Fe. This is the most stable of all isotopes, and fusion will not continue beyond this because energy will not be released (in fact energy is required, the reactions are endothermic). The core collapses rapidly, and somehow this leads to the violent ejection of its outer layers into space, in a supernova explosion. One theory is that the core suddenly becomes rigid and the layers above it “bounce”, creating shock waves that blow the outer layers away. This is a Type 2 supernova. 
· Type 2 explosions are of giant stars, and vary in brightness depending on the mass of the star. But Type 1 are remarkable standard candles, each as bright as another. This is because they come from a collapsed dwarf star which collects matter from a neighbouring star. This causes a second collapse which always starts from the same point, where the dwarf has just collected the maximum mass possible. This makes every such explosion equally big. Measuring the intensity received at Earth allows the distance to the Galaxy to be calculated, one of the few ways in which such vast distances can be found. However they are rare, perhaps 20 or 30 a year in a given galaxy. 


Elements heavier than iron (gold, silver, lead, uranium, etc.) can be built up by a nucleus capturing a neutron and then decaying by beta emission. Successive reactions like this can build up the entire periodic table. To be efficient, this requires a plentiful supply of neutrons, which means supernovae or neutron stars.



The core that remains has a fate that again depends on mass:

1.	Core mass < 1.4M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png] 	The remnant becomes a white dwarf, as before.

2.	1.4M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png] < Core mass < 2.5M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png]

Electron degeneracy is unable to prevent the core from collapsing even further, and it can become a million times denser than a white dwarf. At this point its diameter may be only ~10km. Electrons are forced inside nuclei and combine with protons to form neutrons, and the nuclei themselves are forced together to create a sea of neutrons. Further collapse is prevented by neutron degeneracy pressure, which is similar in origin to electron degeneracy pressure. The core has become a neutron star.

Neutron Degeneracy Pressure: Quantum mechanics restricts the number of neutrons that can have low energy. Each neutron must occupy its own energy state. When neutrons are packed together, as they are in a neutron star, the number of available low energy states is too small and many neutrons are forced into high energy states. These high energy neutrons make up the entire pressure supporting the neutron star. Because the pressure arises from this quantum mechanical effect, it is insensitive to temperature, i.e., the pressure doesn't go down as the star cools. Similar to electron degeneracy pressure but, because the neutron is much more massive than the electron, neutron degeneracy pressure is much larger and can support stars more massive than the Chandrasekhar mass limit. 

3. 	Core mass > 2.5M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png] 

Even neutron degeneracy pressure is not capable of preventing further collapse and the core contracts to a singularity, which is a point of infinite density and zero volume. Around this is a region beyond which nothing, not even light, can escape, and this is why it is called a black hole.

Black holes

The only way of detecting such an object is by its gravitational effects, and a prime candidate is Cygnus X-1. This is a binary system consisting of a massive blue star and an undetected companion. Earlier we saw how to derive the masses of binary stars, and such an analysis yields a mass for the companion of 6-15M[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6f/Sun_symbol.svg/20px-Sun_symbol.svg.png], which is a possible black hole. This is supported by the intense X-ray emission also produced, which may come from gas dragged off the blue star and sucked into the black hole, being heated to high temperatures as it does so.

Since a black hole cannot be seen, it is difficult to pinpoint its size. One approach is to use the radius of the surrounding region within which light cannot escape. The possibility that such regions could exist was a consequence of Einstein’s general theory of relativity which he published in 1915, and just one year later Schwarzschild had estimated the radius by using an escape velocity argument. If a rocket is to escape the pull of gravity of a planet of mass M and radius R then it must be given a velocity v where:





Since nothing can travel faster than the speed of light, c, we can rearrange this to give the Schwarzschild radius:




The event horizon is a theoretical surface where the escape velocity equals the speed of light.



 (
A jet of electrons travel
l
ing at nearly the speed of light reveals a supermassive black hole at the heart of the elliptical galaxy M87. Twisting magnetic fields funnel
l
ed superheated gas into the narrow stream of particles that emit light. The gas came from a disk of material swirling around the black hole as it swallowed 2 billion times the mass of the Sun.
)[image: ]



















The first known black holes were the collapsed cores of supernova stars, but astronomers have since discovered signs of much larger black holes at the centres of galaxies. These galactic black holes contain millions of times as much mass as the Sun. Astronomers believe that almost every galaxy, whether spiral or elliptical, has a huge black hole at its centre.
Astronomers look for galactic black holes by studying the movement of galaxies. By studying the spectrum of a galaxy, astronomers can tell if gas near the centre of the galaxy is rotating rapidly. By measuring the speed of rotation and the distance from various points in the galaxy to the center of the galaxy, astronomers can determine the amount of mass in the centre of the galaxy. Measurements of many galaxies show that gas near the centre is moving so quickly that only a black hole could be dense enough to concentrate so much mass in such a small space. Astronomers suspect that a significant black hole occupies even the centre of the Milky Way. 





Cosmology
Motion of Stars:

Stars appear to be stationary in the sky relative to each other, but this is only because they are so far away. All stars are in motion and there are two components to this, along the line of sight and perpendicular to the line of sight. The latter is called proper motion and will lead to the constellations looking completely different in say, a hundred thousand years. The motion along the line of sight can be measured by Doppler shift, where the motion causes the light received at the Earth to have a wavelength that is different to the light emitted by the star. It is the same principle that accounts for the Doppler effect in sound waves.

When the star is moving away from the Earth the shift is to longer wavelengths, and the light is said to be red-shifted. If the star is approaching then the shift is to shorter wavelengths, called blue shift. The extent of the shift is given by:


Where Δλ is the change in wavelength λ (with associated change in frequency f), and v is the relative speed between the star and the observer. The shift is small if this speed is small compared to the speed of light c.

Spectral lines corresponding to definite atomic transitions are found to deviate from their values found in laboratories, and the size of this deviation gives the speed of the star.

The Big Bang:

Our own Sun is a single star in a galaxy containing billions of similar stars. Our galaxy is only one of billions of others, each containing similar numbers of stars. Almost without exception, these galaxies are observed to be red-shifted and, therefore, moving away from us, and from each other. In other words the universe is expanding. Hubble discovered that the speed v at which the galaxy is moving away is proportional to its distance d from us. 


This is based on speed = distance / time,	 


When d = 1Mpc and v is in kms-1, H is called the Hubble constant, H		

t is the age of the Universe and this is Hubble’s law:		v = Hd

Where H is Hubble’s constant (H = 65kms-1Mpc-1). This implies that in the past the universe was much more concentrated, and is evidence for the Big Bang theory, which proposes that the universe started off being infinitely small and dense and has been expanding ever since. Note that this is not an expansion into pre-existing space, it is the expansion of space itself. There is an analogy with two points on the surface of a deflated balloon. When the balloon is inflated the two points get further away, not because they are travelling across the surface themselves but because the surface area of the balloon itself is increasing.

· If the Big Bang model is correct, then an estimate of the age of the Universe is given by 1/H, which is around 1.5x1010 years.

· The Big Bang theory is supported by the high ratio of helium to hydrogen observed, and by the cosmic microwave background (the red-shifted “embers” of the early universe). Both of these observations can be explained if the Universe was very hot in the distant past.

· The theory also provides a solution to a problem that had been troubling astronomers since the early 19th century. If the Universe is infinite and static then the total light from the various stars in a particular direction ought to give a night sky that was very bright.

As the Universe has expanded, it has cooled, and the average energy of the particles within it has decreased. Current opinion is that all four fundamental forces were unified to start with, but gradually became uncoupled as the particle energy decreased. This evolution is shown below:

	Time from Big Bang (sec)
	Temperature (K)
	Key Features

	0
	Infinite
	A singularity – infinitesimally small, infinitely dense

	
	
	All forces unified
Gravitational force freezes out
Strong force freezes out

	10-12
	1015
	Weak and EM forces freeze out

	10-6
	1014
	Quarks and leptons (e.g. electrons) freeze out

	10-3
	1012
	Quarks confined as e.g. protons and neutrons

	102
	107
	Helium nuclei formed by fusion (but too cold for further fusion reactions)

	105 years
	104
	Atoms formed as hydrogen nuclei (protons) and helium nuclei combine with electrons
Photons travel freely without frequent electron collisions. Universe now transparent.

	106 years
	103
	Density fluctuations result in clumping of matter at several different scales

	1.5-1.8x1010 years
	2.7
	Present-day black-body temperature of cosmic background microwave radiation



The weakest force, gravity, uncouples first, followed by the weak and electromagnetic forces. At this point, quarks and leptons can exist as separate entities (since leptons do not feel the strong force). In the hadron era, the strong force is able to keep quarks bound together as hadrons. Later still, hadrons can combine to form nuclei, And following this electrons can become bound to form atoms.

Composite particles can only be formed when the forces involved can overcome the particle energies, for example atoms cannot form is particles are energetic enough to remove electrons from them, and hadrons cannot fuse to form nuclei if collisions are energetic enough to rip them apart again (or for that matter if there isn’t enough energy to overcome EM repulsion).


The Fate of the Universe

The universe appears to be expanding, but it is assumed that the gravitational attraction between galaxies is slowing this expansion down (in other words Hubble’s Law isn’t strictly true). It could be that the expansion continues forever, or it could come to a halt causing the universe to begin to contract. These are called open and closed universes, and are illustrated below. The determining factoring which path is followed is the average density of the universe – a value greater than the critical density (1.6x10-27kgm-3) will lead to a big crunch (closed universe). 

[image: open_closed]
Current research has found that there is not enough matter in the universe for it to remain open, but many galaxies rotate faster than they ought to be able for the amount of matter i.e. stars, that they appear to contain. One candidate is dark matter like black holes or WIMPS (Weakly Interacting Massive Particles). This would provide extra mass necessary for the Universe to remain open. In 1998 astronomers investigating supernovae found evidence that suggests that the expansion of the universe is increasing at a faster rate now than it has done in the past. The vacuum between galaxies exerts a pressure, the more vacuum, the more pressure which speeds up the expansion. Physicists call the mysterious force that causes this increase in expansion dark energy, which is like a repulsive gravitational force. It is a highly controversial and speculative area of research. 


Quasars:

When the Doppler analysis was applied to radio astronomy it was found that some very strong radiation sources had red-shifts that implied they were typically ten billion light years away. This puts them close to the edge of the Universe and to be able to see them they must have incredible luminosities (at least a hundred times brighter than an average galaxy at optical wavelengths!). For this reason they were labelled quasi-stellar radio sources, or quasars for short.

This combination of great distance and high power is very difficult to explain, look back at the equation for intensity at a distance, especially since the variability in their radiation output implies that their sizes are not much bigger than the solar system. The only known process capable of producing such radiation is that emitted by material falling into a black hole with a mass of around one billion suns (see above). 
© S Taylor and M Priest 2009
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